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PREFACE 


The  1977  Flywheel  Technology  Symposium  brought  together  150 
of  the  leaders  in  the  technology  of  flywheel  energy  storage  systems 
from  10  countries  representing  industry,  universities,  and  government. 

The  objectives  of  the  three-day  conference  were  twofold: 

•  To  provide  a  forum  for  the  exchange  of  information 
and  stimulate  ideas  on  the  state  of  the  art,  new 
flywheel  applications,  and  research  needs  of  this 
energy  storage  technology. 

•  To  offer  an  educational  seminar  for  interested 
people  to  bring  themselves  up  to  date  in  the 
area  of  flywheels  and  their  energy  saving 
applications . 

To  some  extent  this  was  an  update  of  the  1975  Flywheel  Technology 
Symposium:  Proposed  ideas  have  been  analyzed;  selected  materials  have 

been  evaluated;  promising  designs  have  been  built  and  tested;  and  some 
systems  under  study  have  been  operated  and  evaluated.  In  addition, 
many  new  ideas,  analyses  and  proposals  were  presented. 

The  general  progress  of  flywheel  energy  storage  systems 
development  over  the  past  two  years  has  been  very  impressive.  The 
technology  has  evolved  from  fundamental  investigations  and  coupon 
tests  to  high  performance  flywheel  assembly  development.  Cost¬ 
sharing  participation  has  been  developed  effectively  to  join  and 
expand  the  programs  of  industry,  universities  and  government. 
International  technical  interest  in  flywheels  has  also  shown  a 
sigjiFficant  increase.  As  the  implementation  process  becomes^ 
imminent,  funding  requirements  become  more  severe  and  competition 
with  other  energy  storage  technologies  becomes  more  exacting. 

Progress  during  the  next  two  or  three  years  is  expected  to  be  most 
critical  for  successful  introduction  of  flywheel  technology  to  the 
vehicle  industry. 

These  Proceedings  have  been  reproduced  from  the  best  available 
copy.  When  papers  were  unavailable,  the  abstract  as  submitted 
earlier  by  the  author  has  been  included.  For  convenience,  the  papers 
are  in  the  sequence  of  the  printed  symposium  program,  although  a 
few  sequence  changes  were  made  during  the  meeting. 


G.  C.  Chang 
R.,  G.  Stone 
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WELCOME  ADDRESS 


Given  By 

Alfred  Holzer 
University  of  California 
Lawrence  Livermore  Laboratory 
Livermore,  California 


I  would  like  to  welcome  you  on  behalf  of  the  Lawrence  Livermore  Laboratory  to  the 
Second  Flywheel  Technology  Symposium.  I'm  particularly  glad  to  have  this  opportunity 
because  I  am  personally  extremely  interested  in  both  the  technology  and  its  application. 
To  me  it  seems  a  very  promising  way  to  help  alleviate  our  growing  shortage  of  liquid 
petroleum  for  transportation. 

I  am  sure  many  of  you  attended  the  first  symposium  held  in  Berkeley  almost  two 
years  ago,  where  Dr.  Street  extended  his  welcome  to  you.  At  that  time  he  remarked 
that  he  hoped  the  symposium  would  be  the  first  of  many  to  come.  In  looking  over  the 
abstracts  for  our  present  meeting,  and  having  watched  -  and  in  some  small  way  partici¬ 
pated  in  -  the  developments  of  the  past  two  years,  I  am  convinced  that  this  meeting 
will  become  a  regular  feature. 

It  strikes  me  that  flywheels  have  some  very  important  things  going  for  them. 

We  have  here  an  exciting,  developing  technology  -  combining  mechanical  design,  novel 
materials,  unconventional  fabrication  procedures,  and  the  opportunity  for  integration 
into  a  system  with  very  early  use.  We  also  have  a  broad  base  of  government  interest 
providing  impetus,  and  it  is  being  enthusiastically  and  agressively  implemented.  I 
think  we  will  see  the  results  in  this  meeting. 

This  also  gives  me  the  opportunity  to  express  my  own  thanks  —  which  I  am  sure 
you  will  share  —  to  Dick  Stone,  George  Chang,  and  the  others  who  have  worked  hard 
to  put  this  symposium  together.  It  also  allows  me  the  occasion  to  invite  you  to 
visit  us  at  the  Lawrence  Livermore  Laboratory  to  see  what  we  are  doing  and  to  discuss 
mutual  interests  in  more  detail. 

It  is  now  time  to  get  down  to  business.  I  hope  your  stay  here  will  be  profitable 
and  enjoyable.  I  know  mine  will. 
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DOE'S  FLYWHEEL  PROGRAM 


George  C.  Chang,  James  H.  Swisher,  and  George  F.  Pezdirtz 
Division  of  Energy  Storage  Systems 
Department  of  Energy 
Washington,  D.  C.  20545 


INTRODUCTION 

As  the  spokesman  for  the  DOE  Energy 
Storage  Systems  Division,  I  welcome  all  of 
you  to  the  1977  Flywheel  Technology  Sympo¬ 
sium.  The  fact  that  we  are  here  today 
holding  a  second  meeting  on  the  subject 
of  flywheels,  with  international  partici¬ 
pation,  is  a  good  indication  that  you  join 
me  in  the  belief  that  flywheel  technology 
is  an  important  research  and  development 
activity.  I  fully  expect  that  the  papers 
presented  here  in  the  next  three  days  and 
the  discussion  that  will  take  place  among 
the  Symposium  participants  will  prove  to 
be  mutually  beneficial  in  achieving  our 
individual  and  collective  goals  in  the 
field  of  flywheel  technology. 

The  basic  purposes  of  this  conference, 
like  the  first  one  in  1975,  are  to  once 
again  review  the  current  state  of  the  art 
in  flywheel  technology,  and  to  facilitate 
technical  exchanges  among  interested  par¬ 
ties.  We  will  be  presenting  DOE's  progress 
and  plans,  and  other  govenment  agencies 
and  organizations  in  the  private  sector 
will  be  providing  insights  into  their 
activities.  The  Conference  should  give 
us  a  good  overall  perspective  and  an  oppor¬ 
tunity  to  see  how  well  the  pieces  fit 
together.  We  anticipate  that  the  exposure 
and  publicity  brought  about  by  this  process 
will  stimulate  more  industrial  participa¬ 
tion  in  the  growing  field  of  flywheel 
technology  and  will  provide  useful  inputs 
to  us  at  DOE  as  to  desirable  future  roles 
for  government  involvement. 

The  first  symposium  in  1975  was,  in 
fact,  the  formal  announcement  of  ERDA's 
intention  to  pursue  the  development  of 
flywheels  for  energy  storage  purposes.  In 
my  overview  today,  I  will  review  where  we 
were  at  that  time.  We  will  also  talk 
about  our  goals  and  objectives  for  the 
flywheel  program.  Next,  I  will  briefly 
summarize  what  ERDA  accomplished  since 
then,  both  at  the  ERDA  laboratories  and 
by  our  other  contractors.  Finally,  I 
will  discuss  doe's  plans  for  the  future  as 
we  see  them  now. 


STATUS  IN  1975 

The  people  who  attended  the  1975 
symposium  were  among  the  most  knowledge¬ 
able  individuals  in  this  country,  and 
maybe  in  the  world,  about  the  status  of 
the  development  and  application  of  flywheels 
at  that  time.  Thus,  we  had  a  rare  oppor¬ 
tunity  to  get  a  clear  picture  of  flywheel 
technology  as  of  that  moment.  The  papers 
presented  at  the  first  symposium  discussed 
progress  in  testing  of  new  designs  for 
flywheels;  the  properties  of  materials  in 
flywheels;  the  selection  of  flywheel  de¬ 
sign  criteria;  and  how  flywheels  could 
be  fit  into  the  total  environment  through 
system  considerations.  Some  of  the  users 
of  the  products  containing  flywheels  which 
were  then  entering  the  market  also  pro¬ 
vided  comments.  As  you  can  see  looking 
back,  there  was  little  cohesiveness  in  the 
work  being  done  by  independent  researchers 
at  that  time. 

The  Rockwell  Report  (ERDA  76-65),  which 
was  done  for  ERDA  was,  you  will  recall, 
presented  at  the  1975  symposium;  it  was 
used  in  part  in  establishing  ERDA's  imme¬ 
diate  and  long-range  goals  and  objectives 
for  flywheel  technology  development  effort. 
This  was  our  first  attempt  to  determine 
where  the  greatest  needs  were  and  what 
were  the  most  practical  approaches  to 
meeting  them. 

Some  of  the  report's  conclusions  were: 

a.  Flywheel  energy  storage  systems 
(FESS)  can  be  considered  as  feasible  op¬ 
tions  for  conserving  energy  resources  in 
the  transportation  and  utility  sectors. 

b.  Costs  will  dominate  technical  con¬ 
siderations  in  determining  feasible 
applications. 

c.  Development  of  composite  rotors 
with  densities  of  40  to  60  Wh/lb  should 
be  carried  out  for  both  transportation 
and  utility  applications. 
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d.  Safety  of  composite  rotors  should 
not  be  a  problem. 

e.  FESS  is  practical  but  not  cost- 
effective  at  current  relative  price  levels 
for  either  residential,  commercial  or  in¬ 
dustrial  applications. 

Findings  of  this  report  and  internal 
discussions  at  ERDA  orompted  us  to  focus 
our  attention  mainly  on:  1)  applications 
in  the  transportation  sector,  2)  the 
development  of  composite  rotors,  and  3) 
a  search  for  means  of  reducing  production 
costs  in  order  to  make  flywheels  cost-com¬ 
petitive  with  other  storage  devices.  It 
goes  without  saying  that  budgetary  con¬ 
siderations  are  always  important  in  our 
planning  but  at  least  we  had  a  sense  of 
where  program  emphasis  should  be  placed. 

FLYWHEEL  OBJECTIVES 

The  objectives  of  the  flywheel  pro¬ 
gram  which  were  established  after  the  first 
conference  were  intended  to  support  ERDA's 
(and  now  DOE's)  national  objectives,  as 
well  as  the  more  definitive  objectives  of 
the  Energy  Storage  Systems  Division. 

The  main  objective  today  continues  to 
be  to  provide  safe  and  economical  flywheel 
systems  for  transportation  (electric  and 
hybrid  vehicles)  and  for  stationary  appli¬ 
cations  (initially  wind  energy  storage 
and  household  electricity  storage).  To 
attain  this  objective,  we  need  to  develop 
composite  rotors,  advanced  bearings,  im¬ 
proved  flywheel  dynamics,  and  better 
input/output  systems.  Specific  goals  are 
1)  to  achieve  70  percent  storage  efficien¬ 
cy,  2)  to  reduce  system  weight  by  one- 
half  or  more  as  measured  against  1975 
technology,  3)  to  improve  rotor  energy 
density  from  current  values  of  3  to  14 
Wh/lb  to  20  Wh/lb  by  1980  and  40  Wh/lb  by 
1985,  and  4)  to  reduce  costs  to  $150/kWh 
for  large  units  and  to  less  than  $800  for 
regenerative  flywheels. 

ACTIVITIES  FROM  1975  to  1977 

By  the  end  of  1975,  we  had  obtained 
initial  funding  to  begin  work  on  flywheel 
technology  development  for  energy  storage 
components.  In  early  1976,  programs  were 
begun  to  develop  regenerative  hybrid  sys¬ 
tems  with  flywheels  combined  with  electric 
motors  and  heat  engines,  as  well  as  an 
all -flywheel  power  pack  for  test  purposes. 

The  bulk  of  our  work  was  clearly  concerned 
with  advanced  component  technology  development 


In  September  1976,  36  organizations 
attended  a  conference  and  participated 
in  discussions  of  the  status  of  hybrid 
cars  and  the  R&D  requirements  for  the 
future.  Three  prototype  vehicles  were 
displayed  and  demonstrated  at  the  meeting 
in  Albuquerque,  New  Mexico.  Thus,  the 
Energy  Storage  Systems  Division  began  and 
is  continuing  in  cooperative  efforts  with 
the  DOE  Transportation  Energy  Conservation 
Division  in  fulfilling  the  requirements 
of  the  Electric  and  Hybrid  Vehicle  Research, 
Development,  and  Demonstration  Act  of  1976. 

During  the  first  half  of  FY  1976,  we 
planned  to  concentrate  on  determining  the 
technical  and  economic  feasibility  of 
advanced  systems  for  near-term  applica¬ 
tions  and  on  developing  high  performance 
rotor  technology.  In  particular,  we 
planned  to  evaluate  advanced  fiber  compo¬ 
sites  as  the  basis  for  developing  rotors 
for  practical  applications.  Rotor  design 
was  to  be  undertaken  with  fabrication  and 
testing  beginning  in  FY  1977.  Some  of 
the  specific  activities  planned  were: 

•  Select  two  composite  rotor  materials 
for  further  development  in  late  1976. 

•  Begin  development  of  advanced  concepts, 
input-out  devices  and  advanced  bearings 

in  late  1977. 

•  Sponsor  another  state-of-the-art  sym¬ 
posium  in  July  1977. 

•  Complete  development  of  a  prototype 
flywheel  assembly  for  evaluation  in 
postal  jeeps  by  January  1978. 

•  Deliver  industry-produced  flywheel/ 
inductor  motor  assembly  by  December  1977. 

Obviously  we  missed  the  planned  sympo¬ 
sium  date  in  July  of  this  year,  but  not 
by  much.  October  is  probably  a  better 
time  for  such  a  meeting  anyway.  It  will 
be  interesting  to  see  from  the  following 
presentations  how  close  we  came  to  other 
milestones.  I  feel  safe  in  saying  that 
overall  we  are  making  good  progress  in 
meeting  our  goals  on  schedule. 

In  1976  and  1977,  several  contract 
awards  were  made.  Our  industrial  contrac¬ 
tors  began  hardware  work  on  flywheel  pack¬ 
ages,  while  component  technology  work 
continued.  Along  with  this,  we  continued 
to  look  for  specific  applications  for 
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flywheels  in  the  residential,  commercial 
and  industrial  sectors  because  energy 
price  changes  could  easily  shift  the  cost- 
effectiveness  balance. 

The  budget  for  FY  1975  through  1978 
gives  an  indication  of  the  level  of  effort 
of  DOE  involvement  with  flywheel  techno¬ 
logy  development. 

Fiscal  Year  Total  Outlays 

1975  $110,000 

1976  590,000 

1976 

Transition  Quarter  225,000 

1977  1,100,000+1,400,000* 

1978  Approx. 3, 000, 000  Total  (Est.) 

As  I  mentioned  previously,  the  Divi¬ 
sion  of  Energy  Storage  Systems  accomplishes 
development  of  flywheel  technology  through 
the  DOE  National  Laboratories  and  private 
contractors.  Many  of  the  papers  that 
follow  will  provide  detailed  information 
about  these  projects,  however,  I  would 
just  like  to  very  briefly  summarize  some 
of  the  continuing  project  activities. 

SANDIA  LABORATORIES  .PROGRAM 

The  Sandia  Laboratories'  task  is  to 
upgrade  all  of  the  component  technology 
associated  with  flywheel  energy  storage 
systems.  In  this  respect,  it  is  a  generic 
program  rather  than  one  aimed  at  specific 
single  achievements.  Within  its  assign¬ 
ment,  Sandia  concentrates  on  five  main 
areas: 

•  Bearings 

•  Input-Output  devices 

•  Seals 

•  Vacuum  Technology 

•Composite  Rotor  development. 

Most  of  the  work  during  the  last  two 
years  has  been  concerned  with  bearings 
and  rotor  mechanics.  A  major  accomplish¬ 
ment  has  been  the  identification  of  fab¬ 
rication  and  thermal  stresses  as  the 
limiting  factors  affecting  strength  of 
the  rotor.  Up  till  the  time  of  this 


*For  work  directly  applicable  to  meet 
requirements  of  the  Electric  and  Hybrid 
Vehicle  Research,  Development,  and  Demon¬ 
stration  Act  of  1976. 


discovery,  it  had  been  assumed  that  rotor 
dynamics  would  be  the  limiting  factor. 
Sandia  found  that  with  high-speed  rotation, 
transverse  failure  was  the  primary  failure 
mode  and  that  peripherally  wrapped  wheels 
tend  to  separate  radially.  This  result 
led  to  design  improvements. 

Present  plans  for  work  on  composite 
rotors  are  aimed  at  materials  development 
to  improve  the  transverse  strength.  Toward 
this  end,  various  means  of  toughening  the 
matrix  are  being  studied.  Analysis  will 
be  made  of  phenomena  which  degrade  perfor¬ 
mance,  and  promising  rotor  designs  will  be 
fabricated  and  tested. 

In  the  area  of  bearings,  contracts  have 
been  or  will  be  let  to  study  various  bear¬ 
ing  types:  hydrodynamic,  passive  magnetic, 
active  magnetic,  and  rolling  contact.  As 
we  discover  potential  advances,  they  will 
be  reflected  in  design  data. 

High  shaft  speeds  and  vacuum-holding 
demands  place  unusual  requirements  on 
seal  technology  which  are  not  met  outside 
of  flywheel  technology.  Sandia  will  be 
studying  mechanical  (friction)  seals  and 
ferrofluidic  seals  to  meet  this  need. 

Composite  flywheels  are  particularly 
susceptible  to  aerodynamic  heating  and 
require_"good"  vacuums  maintainable  to 
near  10  torr.  Particular  problems  in 
the  vacuum  systems  which  are  being  addres¬ 
sed  at  Sandia  are: 

•Outgassing  rates  of  composite  materials 
and  lubricants. 

•Vacuum  failure  sensors  and  automatic 
shutdown  systems. 

♦Low-power  vacuum  pumps,  and  reliable 
and  mechanically  simple  vacuum  pumps. 

It  should  be  pointed  out  that  the  bulk 
of  the  flywheel  work  at  Sandia  is,  and 
will  continue  to  be,  performed  by  outside 
contractors  from  industry  and  universities. 
The  organizations  involved  include  Rock¬ 
well,  Garrett,  Draper  Laboratory,  LMC 
Corporation,  MTI,  and  Oklahoma  State 
University. 

One  application  of  energy  storage  de¬ 
vices  which  has  not  received  adequate 
attention  has  been  its  use  with  intermittent 
energy  sources.  To  close  this  gap,  Sandia 
Labs  is  conducting  a  study  to  identify 


5 


which  combinations  of  solar  energy  source, 
mechanical  energy  storage  and  electrical 
demand  appear  most  promising.  If  it  is 
justified,  hardware  will  be  developed  for 
at  least  one  such  system.  In  the  mean¬ 
time,  plans  are  being  made  to  conduct 
preliminary  systems  design  with  indus¬ 
trial  participation. 

ILL  FLYWHEEL  PROGRAM 

LLL  first  became  involved  in  the 
national  flywheel  program  in  February 
1975  -  shortly  after  ERDA  was  created. 
Their  principal  interest  was  and  continues 
to  be  in  the  development  of  a  good  data 
base  on  composites.  The  goals  set  for 
LLL  were: 

•  Provide  composite  design  data  that 
will  be  useful  for  many  flywheel  designs. 

•  Study  prototype  manufacturing  pro¬ 
cesses  and  advanced  rotor  design. 

•  Disseminate  information  related  to 
composite  flywheels. 

•  Notable  accomplishments  toward 
achieving  these  goals  can  be  summarized 
for  each  of  the  three  areas: 

1.  Forty  flywheels  of  different 
materials  were  tested  to  destruction  to 
rank  the  materials.  Kevlar  49/epoxy  gave 
the  best  performance  at  moderate  cost, 
whereas  E-glass/epoxy  gave  moderate  per¬ 
formance  at  the  lowest  cost.  Details 
were  published  in  a  report  from  Livermore 
in  April  1977.  (Reference  UCRL-79573,  4 
and  5. ) 

2.  The  merits  of  various  flexible 
resins  were  evaluated.  Design  data  des¬ 
cribing  the  effects  of  stresses  in  com¬ 
pression,  tension  and  shear  on  the 
composites  were  published.  A  long-term 
performance  test  to  establish  flywheel 
life-times  under  sustained  and  cyclic 
loading  was  started  during  FY  1977  and 
will  be  completed  in  FY  1978. 

3.  In  the  search  for  good  rotor 
designs,  one  in  particular,  the  quasi - 
isotropic  composite  was  found  to  be 
attractive.  The  design  concept  was  des¬ 
cribed  in  an  LLL  publication  (Reference: 
UCRL-79235,  UCRL-50033-77-1 ) .  In  examin¬ 
ing  various  potential  applications  for 
flywheels,  LLL  found  practical  applica¬ 
tions  of  the  flywheel -battery  hybrid  for 
automotive  use.  LLL  continues  to  make 


this  and  other  information  available 
through  publications,  symposia,  and  tech¬ 
nical  consultation. 

As  for  the  future,  LLL  plans  to  continue 
to  acquire  data  on  long-term  flywheel  per¬ 
formance.  They  are  studying  a  new  high- 
temperature  matrix.  Emphasis  will  be 
given  to  examining  composite  properties 
in  vacuum  and  high  temperature  environments. 
As  previously  noted,  they  will  be  verifying 
some  advanced  rotor  designs. 

Consistent  with  requirements  of  the 
Electric  and  Hybrid  Vehicle  Research, 
Development,  and  Demonstration  Act  of 
1976,  LLL  is  to  develop  and  demonstrate  a 
mechanical  energy  storage  module  for  use 
in  electric  and  hybrid  vehicles  in  a  time 
frame  consistent  with  the  provisions  of 
the  Act.  This  effort  started  late  in  FY 
1977  and  is  expected  to  continue  at  least 
through  FY  1982.  After  establishing  spe¬ 
cifications  for  the  mechanical  energy 
storage  module,  the  project  will  evaluate 
the  current  state  of  the  art  and  identify 
areas  requiring  concentrated  effort.  When 
these  have  been  identified,  LLL  will  award 
contracts  for  the  research,  development 
and  evaluation  activities  to  provide  the 
necessary  technology  development. 

Several  study  groups  have  noted  the 
increased  range,  enhanced  performance,  and 
improved  battery  life  which  result  from 
the  application  of  a  flywheel  module.  These 
same  groups  noted  the  need  for  technology 
development  to  increase  energy  storage 
efficiency  and  thereby  reduce  its  cost. 

Specific  tasks  to  be  carried  out  are 
in  the  following  areas: 

a.  Technology  validation  tests 

b.  Advanced  component  evaluation 

c.  System  application  assessment 

d.  Technical  management  of  contracts 
and  in-house  activities. 

Throughout  the  course  of  the  project, 
as  the  technology  is  developed  and  demon¬ 
strated  in  these  areas,  it  will  be  trans¬ 
ferred  to  the  vehicle  systems  group  in 
the  Transportation  Energy  Conservation 
Division.  The  major  part  of  this  work 
will  be  gontracted  to  industry.  Primary 
emphasis  will  be  given  to  flywheel  energy 
storage  systems  although  other  applicable 
mechanical  energy  storage  devices,  such  as 
pneumatic  and  hydraulic  accumulator  systems, 
will  also  be  investigated. 
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UNION  CARBIDE  Y-12  PLANT  PROGRAM 


The  Union  Carbide  program  was  started 
somewhat  later  than  those  at  the  other  labs, 
October  1976  to  be  exact.  This  project  is 
directed  toward  a  specific  objective  -  to 
design,  manufacture,  and  test  a  composite 
flywheel  energy  storage  unit  to  be  suit¬ 
able  for  braking  and  load  leveling.  Empha¬ 
sis  is  placed  on  the  development  of  con¬ 
tainment  structures  to  ensure  safe  and 
efficient  operation  of  the  flywheel 
assembly. 

A  configuration  for  the  filamentary 
composite  flywheel  rotor  has  been  selected. 
Fabrication  of  the  Kevlar-epoxy  develop¬ 
mental  units  has  essentially  been  completed 
and  tests  will  be  underway  shortly. 

Present  plans  call  for  completion  of 
this  work  in  FY  1978  at  which  time  a  total 
flywheel  system  will  have  been  designed, 
fabricated  and  evaluated.  This  project 
will  mark  a  significant  step  towards  esta¬ 
blishing  a  practical  procedure  for  the 
design  and  development  of  a  realistic  fly¬ 
wheel  system  with  a  new  optimum  containment 
structure. 

WORK  WITH  INDUSTRY 

In  addition  to  the  work  being  performed 
at  the  National  Laboratories,  several  con¬ 
tracts  were  awarded  by  ERDA  between  1975 
and  1977.  The  Rockwell  contract  was  men¬ 
tioned  earlier.  Others  are: 

Lear  Motors 

Component  testing  of  rotors,  bearings, 
and  seals.  The  testing  was  part  of  the 
broader  task  to  design,  fabricate,  and 
test  a  complete  assembly  for  an  all -fly- 
wheel  ear  to  be  ready  by- the  early  1980's. 

A  final  report  was  published  recently. 
(Reference:  LMC-770401B) 

Garrett  Ai Research 

Design,  fabricate,  and  test  a  flywheel 
module  for  an  electric  postal  jeep  in  con¬ 
junction  with  the  U.S.  Postal  Service. 

Work  began  in  November  1976  with  completion 
expected  within  four  months. 

General  Electric 

Design  and  fabricate  a  1  kWh  regenera¬ 
tive  flywheel  -  inductor  motor  power  pack 
to  be  tested  by  late  1977.  Low-cost  rotors 
are  utilized. 


Johns  Hopkins  University 

The  purpose  of  this  contract  work  under 
negotiation  is  to  design,  manufacture,  and 
test  a  low-cost  staionary  flywheel  energy 
storage  system  rated  at  approximately  one 
kilowatt-hour.  Such  flywheels  will  be 
designed  for  applications  in  a)  night-time 
energy  storage  on  a  residential  scale,  b) 
stand-by  power  systems,  or  c)  wind  energy 
storage. 

Another  potential  use  for  stationary 
flywheels  is  as  a  component  of  wind  energy 
systems.  At  present,  the  designer  does 
not  have  enough  information  available  to 
conduct  a  proper  analysis  needed  for  opti¬ 
mizing  system  design.  DOE  is  sponsoring 
the  development  of  a  dynamic  systems  simu¬ 
lation  computer  model  which  will  allow  the 
evaluation  of  candidate  wind  energy  and 
storage  systems.  This  work  has  been  per¬ 
formed  by  Boeing  Company  of  Seattle,  Wash¬ 
ington. 

In  general ,  our  contractor  work  has 
been  proceeding  very  well.  Undoubtedly 
you  will  be  getting  a  lot  more  detail 
from  reports  and  papers  to  be  presented  by 
these  contractors. 

SUMMARY  OF  ACCOMPLISHMENTS 

Since  we  have  covered  a  lot  of  terri¬ 
tory  in  a  short  time,  perhaps  it  is  wise 
now  to  summarize  the  major  accomplishments 
of  the  past  two  years  as  we  see  them. 

•  Flywheel  assemblies  for  regenerative 
braking  have  been  designed  and  fabricated 
with  successful  testing  expected  within 

a  few  months. 

•  Two  composite  materials  (Kevlar  49/ 
epoxy  and  E-Glass/Epoxy  have  been  charac¬ 
terized  with  respect  to  physical  and 
mechanical  properties. 

•  A  nonhazardous  failure  mode  of  composite 
rotors  has  been  verified. 

•  Initial  investigations  have  begun  in 
the  area  of  input-output  devices  and  bear¬ 
ings  improvements. 

•  Oil  savings  potential  achievable  with 
flywheel  systems  in  automobiles  is  now 
known. 
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PLANS  FOR  FY  1978 

Finally,  let  me  outline  what  we  plan 
to  be  doing  for  the  fiscal  year  we  are 
now  entering. 

Continue  design,  fabrication  and  test¬ 
ing  of  components  so  as  to  advance  the 
state  of  the  art  steadily.  Component  devel¬ 
opment  will  include  advanced  bearings, 
rotors,  input-output  devices,  and  vacuum 
systems. 

Work  on  composite  materials  for  advan¬ 
ced  rotors  will  continue  in  order  to 
achieve  the  goals  of  20  Wh/lb  by  FY  1980 
and  40  Wh/lb  by  FY  1985. 

Accelerate  the  development  and  testing 
of  upgraded  flywheel  systems  designed  for 
automotive  regenerative  braking. 

Initiate  laboratory  testing  of  batteries 
that  are  load-leveled  by  flywheels  employed 
in  hybrid  vehicles. 

Begin  laboratory  development  of  low- 
cost  flywheel  systems  for  stationary  appli¬ 
cations  including  wind  energy  storage  and 
household  electricity  storage. 

Environmental  issues  will  be  identified 
and  addressed  with  the  goal  of  having  these 
issues  resolved  within  five  years. 

In  conclusion,  I  wish  to  thank  you  for 
your  interest  and  participation.  During 
the  next  three  days,  I  look  forward  to 
joining  you  in  hearing  the  presentations 
on  all  the  technical  activities  outlined 
in  the  program  pamphlet.  I  am  also  inter¬ 
ested  in  collecting  any  suggestions  you 
care  to  offer  on  our  flywheel  development 
program  plans. 
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U.S.  POSTAL  SERVICE  ELECTRIC  FLYWHEEL  VEHICLE 


Thomas  A.  Norman 
U.S.  Postal  Service 
11711  Parklawn  Drive 
Rockville,  Maryland  20852 


ABSTRACT 

The  U.S.  Postal  Service  and  the  Energy  Research  and  Development  Administration 
have  a  joint  effort  for  development  and  installation  of  a  flywheel  system  in  a  1/4  ton 
electric  postal  delivery  vehicle.  The  completed  vehicle  is  scheduled  to  begin  opera¬ 
tional  test  and  evaluation  in  January  1978.  Electric  vehicles  have  the  advantage 
over  existing  internal  combustion  engine  vehicles  of  producing  minimum  pollution  and 
requiring  no  oil  based  fuels.  Preliminary  test  results  show  that  adding  a  flywheel  can 
significantly  improve  performance  and  increase  the  potential  application  of  the  electric 
vehicle  for  postal  delivery  service  without  an  increase  in  energy  consumption. 


INTRODUCTION 

The  U.S.  Postal  Service  and  the 
Energy  Research  and  Development  Adminis¬ 
tration  have  a  joint  program  effort  to 
develop  and  install  a  flywheel  system  in 
a  1/4  ton  electric  postal  delivery  vehi¬ 
cle,  Engineering  tests  on  this  completed 
vehicle  is  scheduled  during  November  1977. 
Operational  tests  arid  evaluation  is 
scheduled  to  begin  in  January  1978.  This, 
we  believe,  is  a  very  significant  under¬ 
taking  which,  to  our  knowledge,  will 
represent  the  first  flywheel  system  to  be 
installed  in  an  operational  vehicle  of 
this  size.  The  results  of  this  effort 
could  have  a  very  direct  effect  on  the 
future  application  of  electric  delivery 
type  vehicles. 

This  electric-flywheel  vehicle  is 
here  on  display  and  a  paper  covering  the 
detail  design  of  the  system  will  be  given 
later  during  this  symposium. 

My  purpose  here  today  is  to  discuss 
the  potential  benefits  of  an  electri- 
flywheel  system  in  an  electric  postal 
delivery  vehicle  and  to  compare  the  ad¬ 
vantages  of  such  a  system  with  other 
competitive  types  of  vehicle  propulsion 
systems.  Before  I  do  this,  it  may  be 
beneficial  to  give  you  a  brief  apprecia¬ 
tion  of  the  magnitude  of  our  delivery 
vehicle  fleet  and  the  range  of  operation¬ 
al  duty  cycles. 


POSTAL  DELIVERY  FLEET 

The  Postal  Service  owns  and  operates 
approximately  106,000  1/4,  1/2  and  1-ton 
vehicles .  These  are  the  vehicles  that 
are  used  for  the  delivery  and  collection 
of  mail.  They  may  operate  from  five  to 
60  miles  and  make  from  50  to  600  stops 
per  day.  These  vehicles  are  equipped 
with  gasoline  engines  and  get  from  four 
to  13  miles  per  gallon  while  on  delivery. 
It  is  evident  that  the  gasoline  engine 
is  not  highly  efficient  under  this  type 
of  starting/stopping  operation. 

lOTROVED  VEHICLE  PROPULSION  PROGRAM 

Because  of  the  high  gasoline  consump¬ 
tion,  the  potential  scarcity  and  other 
limitations  of  oil  based  fuels,  we  have 
established  a  program  to  determine  the 
feasibility  of  improved  vehicles  which 
will  reduce  life  cycle  cost,  oil  based 
fuel  consumption  and  exhaust  pollution. 

To  accomplish  this,  we  are  evaluating, 
testing  and  developing  a  number  of 
different  propulsion  systems  for  our 
delivery  vehicles.  These  systems  include 
smaller  gasoline  engines,  diesel  engines, 
stratified  charge  engines,  hydrogen 
fueled  engines,  hybrids,  electrics  and 
electric/ flywheels . 

Most  of  our  effort  is  being  concen¬ 
trated  on  the  1/4  ton  delivery  vehicle 
since  we  have  approximately  75,000  of 
these  vehicles  in  our  fleet. 


INTERNAL  COMBUSTION  ENGINES 

The  results  of  our  tests  and  evalua¬ 
tions  to  date  show  that  diesel  engines 
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are  the  most  efficient  engines  in  terms 
of  fuel  consumption  for  postal  delivery 
service.  However,  it  like  all  other 
existing  internal  combustion  engines 
require  oil  based  fuels  and  produce 
exhaust  pollution.  Future  internal  com¬ 
bustion  engines,  such  as  the  hydrogen 
fueled  engines,  do  not  require  oil  based 
fuel  and  produce  very  little  exhaust 
pollution.  Hydrogen  engines  are  still 
under  development  and  their  operational 
application  is  still  to  be  decided. 

ELECTRIC  VEHICLES 

Electric  vehicles  have  the  very  dis¬ 
tinct  advantage  of  producing  little  or  no 
pollution,  possibly  requiring  no  oil 
based  fuel  and  consuming  no  energy  while 
at  idle.  Because  of  these  advantages, 
the  Postal  Service  has  purchased  350 
electric  delivery  vehicles  which  are  now 
in  operational  use  in  various  parts  of 
the  country.  While  these  vehicles  are 
operating  satisfactorily  on  selected 
routes,  they  are  quite  limited  in  perfor¬ 
mance.  They  are  limited  in  acceleration, 
gradeability,  top  speed  and  the  number  of 
starts  and  stops  that  can  be  completed  on 
one  battery  charge.  As  a  result,  these 
electric  vehicles  can  be  used  on  only 
selected  routes.  Therefore,  the  total 
number  of  these  types  of  electric 
vehicles  that  can  be  used  for  postal 
delivery  service  is  limited. 

IMPROVED  ELECTRIC  VEHICLES 

We  have  been  investigating  a  number 
of  ways  of  improving  the  performance  of 
these  vehicles.  The  most  obvious  is  to 
install  a  larger  battery.  We  have  tested 
an  arrangement  and  found  a  significant 
improvement  in  performance.  The  problem 
is  that  a  larger  battery  increases  weight 
and  cost.  In  addition,  there  is  a  limit 
to  the  size  battery  that  can  be  installed 
in  a  vehicle  of  this  type.  Another 
approach  is  to  install  an  improved  type 
battery.  Improvements  are  being  made  in 
lead  acid  batteries  and  newer  batteries 
such  as  the  nickel-zinc  are  being 
developed.  We  have  tested  an  electric 
vehicle  with  a  nickel-zinc  battery  and 
found  that  the  number  of  starts  and  stops 
were  almost  doubled.  The  problem  is  that 
these  batteries  are  still  under  develop¬ 
ment. 

Fl3rwheels  have  the  very  unique 
advantage  of  being  able  to  improve 
performance  of  electric  vehicles  without 


an  increase  in  energy  consumption.  This 
is  accomplished  by  recovery  and  storage 
of  the  braking  energy  of  the  vehicle 
and  making  use  of  it  in  the  next  start 
up  or  drive  cycle.  In  addition,  a  fly¬ 
wheel  can  be  used  with  any  improved 
battery  that  may  be  used. 

ELECTRICS  VS.  FLYWHEEL/ ELECTRICS 

I  would  now  like  to  discuss  the 
electric  vehicle  fl3^heel  system  and 
describe  the  extent  to  which  the  flywheel 
system  should  improve  the  electric 
vehicle  performance.  The  flywheel  system 
that  has  been  designed  and  installed  in 
the  postal  delivery  vehicle  replaces  the 
old  drive  motor  and  control  system  with 
new  units  which  are  much  lighter  in 
weight.  The  result  has  been  a  reduction 
of  200  pounds  in  the  total  weight  of  the 
delivery  vehicle. 

The  flywheel  system  is  designed  to 
store  the  braking  energy  and  use  this 
energy  to  assist  during  acceleration  and 
hill  climbing.  The  results  will  be  an 
increase  in  acceleration,  gradeability 
and  number  of  starts/stops  that  can  be 
completed.  In  addition,  there  will  be  a 
reduction  of  battery  peak  current  which 
should  increase  battery  life  and  avail¬ 
able  energy. 

The  following  Table  1  shows  a  com¬ 
parison  between  the  performance  of  the 
existing  1/4  ton  electric  delivery 
vehicle  and  that  projected  with  the  fly¬ 
wheel  system. 


ELECTRIC  FLYWHEEL  VEHICLE  PERFORMANCE 


Present 

Electric 

Electric 

Fl3rwheel 

Acceleration  (sec) 

0  to  15 

5.7 

3 

0  to  30 

24.0 

12 

Top  Speed  (mph) 

Level 

32.5 

40 

5%  Grade 

20.5 

25 

10%  Grade 

14.0 

20 

Range  (Miles) 

30.0 

30.0 

Simulated  Route 

Starts/Stops 

300 

500 

Miles 

8.5 

14.4 

10 


SUMMARY 


Flywheels  have  the  potential  of  signifi¬ 
cantly  improving  the  performance  of 
electric  vehicles  without  increasing  the 
energy  consumption.  They  also  increase 
the  potential  number  of  electric  vehicles 
that  can  be  used  on  postal  delivery 
routes. 
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UMTA  FLYl/'HEEL  ENERGY  STORAGE  PROGRAVl 


Jaines  F.  Gairpbell 
Prograin  Manager 
Department  of  Transportation 
Urban  Mass  Transportation  Administration 
2100  Second  Street,  S.V-7. 
Washington,  D.C.  20590 


ABSTRACT 

The  Urban  Mass  Transportation  Administration  has  been  aictively  pursuing  flyvdieel 
energy  storage  systons  for  transit  application  for  the  past  eight  years.  A  rec^t  con¬ 
ceptual  design  has  identified  four  flywheel  energy  storage  transit  vdiicle  application 
concepts  to  be  in  the  ccsnpetitive  range  of  their  conventional  counterpart  transit 
vehicles . 


The  Urban  l^fess  Transportation  Admin¬ 
istration  Act  of  1964,  with  numerous  sub¬ 
sequent  amendments,  provides  for  R&D 
activity  to  sipport:  the  Nation's  public 
transit  systems.  Prior  to  this  legisla¬ 
tion,  the  Nation's  transit  systems  were 
giving  way  to  the  private  autcmobiles  and 
the  freeway  systems.  Today,  the  public 
transit  systems  are  not  only  seen  as  a 
major  factor  in  conserving  energy  but  by 
virtue  of  their  multi-stop  driving  cycle, 
their  massiveness  and  their  cannon 
maintenance  shed  they  appear  to  be  the 
ideal  test  bed  to  begin  the  ground 
transport^ation-energy  storage  learning 
process. 

The  UMTA  interest  in  energy  storage 
systems  closely  resembles  other  transpor¬ 
tation  applications  in  that  the  interest 
is  based  on  the  application  of  two  funda¬ 
mental  engineering  principles,  i.e.,  (1) 
regenerative  braking  and  (2)  load  leveling. 

It  perhaps  is  unnecessary  to  dwell 
on  the  details  of  these  two  principles, 
but  installed  energy  storage  systems  in 
the  New  York  R-32  transit  car  do  confirm 
a  30%  improvement  in  range  resulting  fron 
regenerative  propulsion  and  a  50%  reduc¬ 
tion  in  the  peak  pcwer  demand  resulting 
from  load  leveling. 

Ut^EA  studies  indicate  that  the  two 
principles  can  be  applied  to  a  broad 
range  of  urban  multi-stop  vehicles  with 
perhaps  considerable  resultant  success 
with  respect  to  energy  conservation. 


Energy  storage  systems  were  consid¬ 
ered  and  even  applied  in  public  transit 
prior  to  the  energy  crisis.  The  Swiss  had 
designed  and  built  the  Oerlikon  Gyrobiis 
in  the  1950 *s.  They  operated  about  40 
such  buses  over  a  19-year  period  with  con¬ 
siderable  success.  The  R-32  energy  storage 
transit  car  was  conceived  and  demonstrated 
in  the  early  1970 's  and  Lockheed  had  been 
contracted  to  install  a  flyv^eel  energy 
storage  system  into  a  trolley  coach  to 
eliminate  the  need  for  overhead  wires  in 
San  Francisco. 

These  programs  all  lased  the  flywteel 
as  an  energy  storage  device.  Other 
devices  had  been  considered  such  as  the 
hydraulic  accumulator  and  batteries,  but 
the  flyv\^eel  appears  to  be  the  best  all- 
around  carpronise  available  for  today's 
applications. 

So,  in  September  1976,  UMTA  awarded 
contracts  to  AiResearch  and  General  Elec¬ 
tric  for  conceptual  design  studies  using 
flyvdieel  energy  storage  in  a  broad  range 
of  transit  applications.  The  ground  rules 
for  the  study  required  each  contractor  to 
use  state-of-the-art  technology  and  employ 
a  highly  modular  design  approach.  The 
latter  requirement  is  essential  in  the 
small  transit  industry  in  order  to  estab¬ 
lish  a  reasonable  production  base. 

The  bottom  line  numbers  to  determine 
viability  of  the  respective  concepts  are 
the  life  cycle  costs  (LCX:) .  Because  of  the 
importance  of  this  parameter,  a  tremendous 
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effort  was  put  forth  to  develop  the 
methodology  to  conpute  the  LCC  for  three 
baseline  transit  vehicles  as  well  as  the 
flywheel  derivation  concepts.  The  results 
of  the  conceptual  design  studies  are  now 
available . 

Viewgraph  #1  depicts  the  general 
schematic  concept  generated  by  both  con¬ 
tractors.  It  can  be  pointed  out  that  the 
flywheel  motor  concept  is  a  spin-off  of 
an  EE^A  development  program  —  both  sys¬ 
tems  use  electric  transmissions,  solid 
state  controllers  and  separately  excited 
field  control  traction  motors. 

This  approach  does  permit  a  high 
degree  of  modularity  in  the  flyvheel  motor 
package  in  that  the  flywheel  is  corprised 
of  a  series  of  steel  discs  to  match  the 
energy  requirement  for  a  specific  vehicle. 
The  disc  concept  also  provides  a  reason¬ 
able  solution  to  containment  in  the  event 
of  a  disc  burst. 

The  second  viewgraph  conveys  the 
four  concepts  for  transit  vehicle  applica¬ 
tion  that  we  feel  are  in  the  cortpetitive 
range  of  their  conventional  comterpart 
systems.  General  engineering  criteria  are 
labeled  with  each  concept. 

The  last  viewgraph  suirmarizes  the 
LOG  findings  for  each  system  and  conpares 
the  initial  costs  as  well  as  the  mainte¬ 
nance  and  fuel  costs  of  the  conventional 
systems  versus  each  of  the  flyvheel  deriva¬ 
tive  systems. 

UMIA  has  recatitiended  continuation 
of  the  second  phase  of  the  program  vdiich 
entails  ccxrpleting  the  design,  hardware 
fabrication  and  test  and  evaluation. 
Assuming  continued  support  frcm  Congress, 
we  all  may  see  the  flywheel  operating 
transit  buses  in  the  next  five  to  six 
years. 
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BASTC  COMPONENTS 
FLYWHEEL  PROPULSION  SYSTEM 
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SOLID  STATE  DUAL  CONVERTER 


PHASE  I  ICC  RESULTS 


(Costs  in  cents  per  mile  discounted 
at  10%  with  6  1/2%  inflation) 

BASIC  SYSTEM  FLYWHKFT.  DERIVATIVE 

Base  Line 


Standard 

Garrett 

I.  OONTmXUS  WAYSIDE  ELBCTOIC 

PURE  FLYWHEEL 

ICC  (cents/mile) 

167.5 

ICC  (cents/Mle) 

146.0 

157.7 

Initial  costs 

33.9 

Initial  costs 

23.7 

27.5 

Maintenance  &  fuel 

29.5 

?4aintenanoe  &  fuel 

18.2 

26.1 

Cost  not  affected 
by  vehicle  design 

104.1 

Cost  not  affected 
by  vehicle  design 

104.1 

104.1 

II.  DIESEL 

FLYWHEEI/blESEL 

ICC  (cents/mile) 

153.0 

ICC  (cents/mile) 

143.5 

N/A 

Initial  costs 

20.8 

Initial  costs 

20.5 

N/A 

Maintenance  &  fuel 

28.1 

Maintenance  &  fuel 

18.9 

N/A 

Cost  not  affected 
by  vehicle  design 

104.1 

Cost  not  affected 
It/  vehicle  design 

104.1 

N/A 

III.  TROLLEY  COACH  (T/C) 

T/C  AUCMNTED 

ICC  (cents/mile) 

167.5 

ICC  (cents/mile) 

151.4 

158.6 

Initial  costs 

33.9 

Inital  costs 

26.9 

27.2 

Maintenance  &  fuel 

29.5 

Maintenance  &  fuel 

20.4 

27.3 

Cost  not  affected 

1:^  vehicle  design 

104.1 

Cost  not  affected 
1:^  vehicle  design 

104.1 

104.1 

IV.  BATTERY  BUS 

ELYl*IHEEL  BATTERY 

ICC  (cents/teLle) 

226.5 

ICC  (cents/mile) 

196.8 

194.0 

Initial  costs 

30.1 

Initial  costs 

30.5 

30,8 

Maintenance  &  fuel 

86.1 

^5aintenance  &  fuel 

57.9 

55.2 

Cost  not  affected 
by  vehicle  design 

110.3 

Cost  not  ciffected 
by  vehicle  design 

108.4 

108.0 
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FLYWHEEL  TECHNOLOGY  PROGRAM  IN  THE  NETHERLANDS 


Maarten  van  Zanten 

Netherlands  Energy  Research  Foundation  ECN 
Westerduinweg  3 
Petten,  N,H.,  Netherlands 


ABSTRACT 

The  Netherlands  Energy  Research  Foundation  ECN  has  developed  a  national  Flywheel  Technolo¬ 
gy  Research  and  Development  Program  in  cooperation  with  industry  and  the  electric  utili¬ 
ties.  The  proposed  program,  if  accepted  by  the  Netherlands  government,  will  start  in  1978. 
It  is  based  upon  a  study  of  potential  applications  of  flywheel  systems  for  energy  storage! 
In  the  Netherlands,  applications  in  the  field  of  electricity  supply  could  be  attractive  in 
the  near  future,  i.e.  based  on  proven  technology,  with  optimum  storage  plant  sizes  corres¬ 
ponding  with  storage  cycles  in  the  order  of  hours.  A  short  term  demonstration  of  the  tech- 
nology  in  the  utilities  sector  will  serve  the  development  of  advanced  systems. 

The  proposed  program  in  the  Netherlands  would  consist  therefore  of  two  main  lines  of  acti¬ 
vities. 

The  first  line  concerns  the  development  of  a  flywheel  system  for  demonstration  at  different 
places  in  the  electrical  network  system  within  5  years.  The  costs  of  this  development  are 
estimated  at  $  8  million.  The  program  will  be  executed  by  several  companies  including  KEMA 
Research  and  Testing  laboratories  of  the  Netherlands  electricity  supply  industry  and  will 
be  managed  by  ECN. 

The  second  line  of  activitiesconsists  of  an  optimisation  of  advanced  fl3rwheel  design  and 
materials,  and  of  a  systems  analysis  and  development  of  other  applications,  in  particular 
the  transport  sector.  The  R&D  on  specific  components  like  composite  rotor  technology,  e- 
lectro-magnetic  and  permanent  magnetic  bearings,  recently  started  at  various  institutes 
in  the  Netherlands  may  be  incorporated  in  a  national  program. 


INTRODUCTION 

The  study  of  energy  storage  systems  is  im¬ 
portant  for  several  reasons.^ Firstly, 
the  difficulties  and  costs  resulting  from 
the  necessity  to  produce  electrical  energy 
at  the  moment  of  demand  may  be  reduced. 

This  may  result  in  a  reduction  of  the  ex¬ 
pansion  of  the  installed  capacity  for  elec¬ 
tricity  production,  transmission  and 
distribution,  and  in  an  improvement  of  the 
efficiency  of  the  conversion  of  fuel.  Se¬ 
condly,  a  considerable  energy  conservation 
in  the  transportation  field  will  be  possi¬ 
ble,  combined  with  a  decrease  of  environ¬ 
mental  pollution. 

As  a  result  of  an  initiative  from  industry, 
the  Netherlands  Energy  Research  Foundation 
ECN  set  up  a  Project  Group  on  "Energy  Sto¬ 
rage  in  Flywheels"  which  prepared  a  propo¬ 
sal  for  a  research  and  development  program 
on  Flywheel  Technology.  This  program  has 


been  submitted  by  ECN  to  the  Netherlands 
Government.  This  research  and  development 
program  aims  at: 

-  on  short  term,  the  demonstration  of  fly¬ 
wheel  applications  in  the  field  of  elec¬ 
tricity  production  and  distribution, 

-  on  the  intermediate  term,  research  and 
development  of  advanced  flywheelunits 
for  hybrid  applications,  and  an  analysis 
of  the  possibilities  of  purely  flywheel- 
powered  vehicles, 

-  on  the  intermediate  and  long  term,  R&D 
in  the  field  of  other  flywheel  -  applica¬ 
tions  . 

STORAGE  APPLICATIONS  IN  THE  NETHERLANDS 

ELECTRIC  UTILITY  APPLICATIONS 

In  the  Netherlands,  the  installed  capacity 
is  about  10.000  MW.  The  primary  energy  con¬ 
sumption  for  electricity  production  is  a- 
bout  20%  of  the  total  fuel  consumption  in 
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the  country.  As  no  use  is  made  of  any  sto¬ 
rage  system,  electricity  has  to  be  produced 
at  the  moment  of  demand.  Thus,  the  instal 
led  capacity  and  the  transport  grid  must 
be  able  to  meet  the  peak  demand  in  winter 
time.  Variations  in  demand  oblige  the  uti¬ 
lities  to  face  the  problems  of  starting  and 
stopping  units  or  to  keep  units  in  stand-by 
operation. 

The  application  of  a  storage  system  can  re¬ 
duce  the  required  maximum  capacity  and  thus 
increase  the  load-factor  of  the  production 
units.  This  results  in  lower  investment 
costs  and  an  increase  in  conversion  effi-^ 
ciency.  Dependent  of  the  localisation  of 
the  storage  system  in  the  electrical  net¬ 
work,  the  necessary  transport  capacity  may 
also  be  reduced.  The  Netherlands  electric 
utilities  are  connected  to  a  national 
*’coupling  grid”  so  that  they  can  be  consi¬ 
dered  as  one  big  power  supplier.  This  ena¬ 
bles  them  to  optimise  production  to  a  con¬ 
siderable  extent.  For  the  assessment  of ^ 
central  energy  storage  requirements  it  is 
worthwhile  to  distinguish  the  following 
possibilities: 

a.  Peak  shaving.  The  energy  needs  during 
day-timo,  peaks  is  supplied  by  a  storage 
system  which  is  loaded  during  low  de¬ 
mand  periods.  In  figure  1,  the  influence 
of  storage  is  shown. 


RG.  1  STORAGE  CAPACITY  FOR  PEAK.SHAVING  APPLICATION 


A  storage  system,  with  a  capacity  of 
1000  MW  hours  reduces  the  installed  ca¬ 
pacity  with  600  MW,  or  about  6%  of  total 
installed  capacity.  The  increase  of  ef¬ 
ficiency,  i.e.  fuel  conservation  in  this 
case  will  be  small. 

b.  Daily  cycle.  The  capacity  of  the  storage 
system  in  this  case  will  be  about  13000 
MWh.  In  figure  2,  it  has  been  shown  that 
the  installed  power  can  be  reduced  with 
1900  MW  which  is  about  19%  of  the  total 


power  installed. 


FIG.  2  STORAGE  CAPACITY  FOR  DAY. NIGHT  CYCLE  APPLICATION 


Here  the  increase  of  efficiency  will  be^ 
considerable.  A  conservative  estimate  gives 
an  increase  of  efficiency  from  37%  to  39%. 
This  corresponds  with  a  yearly  reduction 
of  0.4%  of  the  Netherlands  primary  energy 
needs,  which  is  about  3  x  10^^  Joules.  Ac- 
cording  to  more  optimistic  estimates  an 
increase  to  41%  should  be  possible,  which ^ 
would  mean  a  yearly  saving  of  about  6  x10 
Joules. 

c.  Weekly  cycle.  A  part  of  the  demand  du¬ 
ring  the  five  weekdays  is  supplied  by 
the  storage  system,  which  is  loaded 
during  the  weekend.  In  the  case  of  a 
weekly  cycle  more  reduction  in  instal¬ 
led  power  can  be  achieved  but,  compared 
with  a  and  b  this  extra  reduction 
will  be  small.  A  more  detailed  study  is 
required  in  this  case,  but  the  costs  of 
the  storage  system  must  be  very  low. 

TRANSPORTATION  APPLICATIONS 

The  energy  consumption  in  the  transporta¬ 
tion  field  was  about  11.5%  of  the  use  of 
primary  fuel  in  1975.  In  this  field,  the 
saving  of  energy  by  storage  can  become 
very  important.  If  every  car  would  have  a 
storage  system  for  hybrid  applications  the 
energy  saving  will  be  in  the  range  of  2.5 
to  5%  of  the  Netherlands  primary  energy 
needs,  which  means  20  x  10^^  Joules  to 
40  X  10^^  Joules  per  year  or  1.9  x  10 
Btu  to  3.8  X  10^^  Btu. 

In  the  near  future  the  hybride  applicati¬ 
ons  in  urban  transport  systems  are  the 
most  attractive  from  an  energy-saving  point 
of  view.  Measurements  of  acceleration-dece¬ 
leration  characteristics  of  public  trans¬ 
port  services  in  The  Hague  show  that  fly¬ 
wheels  may  be  considered  to  have  the  most 
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favourable  storage  characteristics  in  this 
field.  Besides  the  considerable  energy  sa¬ 
ving,  other  important  advantages  may  result 
from  the  use  of  a  small  flywheel  (1-2  kWh): 

-  lowering  of  maximum  installed  power  of 
the  combustion  engine, 

-  more  efficient  use  of  the  braking  system, 
resulting  in  less  repair  and  less  noise, 

-  a  decrease  of  environmental  pollution. 

On  the  intermediate  term  systems  analysis 
can  result  in  R&D  programs  on  purely  fly¬ 
wheel-powered  vehicles . 

OTHER  POTENTIAL  APPLICATIONS 

In  the  Netherlands  several  energy  research 
and  development  programs  are  going  on  in 
which  the  availability  of  energy  storage 
systems  could  play  a  decisive  role.  This  is 
in  particular  the  case  for  wind  energy  uti¬ 
lisation.  In  the  framework  of  a  national 
program,  a  vertical  axis  windturbine  test 
facility  has  been  commissioned  this  summer 
and  in  1978  a  200  kW  horizontal  axis  wind- 
turbine  will  be  built.  Flywheel  systems 
development  could  practically  be  tied  to 
these  two  facilities,  both  programs  being 
managed  by  ECN. 

COMPARISON  OF  STORAGE  TECHNOLO¬ 
GIES  FOR  PEAK  SHAVING  APPLICATIONS 

According  to  the  EPRI-report  Assessment  of 
energy  storage  suitable  for  use  by  electric 
utilities^  storage  systems  with  economic 
plant  sizes  in  the  range  of  10-50  MWh  are 
batteries,  flywheels  and  hydrogen  storage. 
Taking  this  result  as  a  starting  point  a 
calculation,  using  Unsworth’s  method^,  has 
been  made  to  determine  the  relative  atrac- 
tiveness  of  these  systems  in  the  case  of 
more  cycles  a  day  i.e.  peak  shaving  appli¬ 
cations,  Using  cost  and  efficiency  estima¬ 
tes  from  the  EPRI-study,  and  Netherlands 
fuel  costs  of  0.017  $/kWh,  it  appears  that 
for  this  application  storage  costs  of  fly¬ 
wheel  systems  are  higher  than  those  of  ad¬ 
vanced  batteries  but  lower  than  those  of 
lead  acid  batteries  and  hydrogen  storage 
systems  (figure  3) .  For  shorter  storage 
periods,  the  storage  cost  range  of  flywheel 
systems  will  overlap  that  of  the  advanced 
batteries  systems  because  of  a  higher  effi¬ 
ciency  (90%  instead  of  70-85%  from  EPRI) . 

A  fundamental  remark  has  to  be  made  with 
respect  to  this  approach.  The  comparison 
of  the  costs  per  kWh  of  storage  systems  may 
give  a  first  impression  with  respect  to  re¬ 
lative  attractiveness  of  different  systems. 


FIG  3  kWhXOSTS  IN  RELATION  TO  THE 
NUMBER  OF  LOAD  FLUCTUATIONS 
FOR  STORAGE  CAPACITIES  IN  THE 
RANGE  OF  10.50  MWh 

but  the  comparison  of  these  cost  figures 
with  the  production  costs  of  conventional 
electricity  production  can  never  be  decisive 
for  the  economic  attractiveness  of  the  sys¬ 
tem  as  such.  The  reason  is,  that  the  storage 
system  does  not  produce  electricity,  but 
replaces  kWh’s  produced  by  the  conventional 
system.  On  the  contrary,  it  enables  the  uti¬ 
lities  to  replace  the  production  of  expen¬ 
sive  kWh’s  during  peak  demand  by  less  expen¬ 
sive  kWh’s  produced  during  low  demand  peri¬ 
ods.  The  profit  of  this  operation  cannot  be 
expressed  in  simple  terms  of  average  produc¬ 
tion  costs.  To  a  large  extent  the  real  pro¬ 
fit  is  qualified  by  other  factors,  e.g.,  the 
shape  of  the  load  curves  and  the  investment 
costs  of  the  saved  production  capacity. 
Therefore , a  cos t-benefit-analys is ,  i.e.  the 
comparison  of  the  production  structure  with 
and  without  insertion  of  storage  systems, 
has  been  carried  out  at  ECN. 

COST-BENEFIT  ANALYSIS  OF  A  FLYWHEEL 
SYSTEM  FOR  UTILITY  APPLICATIONS 

In  a  cost-benefit  analysis,  two  factors  have 
to  be  considered:  Investment  saving  and 
energy  saving.  Calculations  have  been  made 
to  determine  the  storage  capacity  needed 
for  use  by  the  Netherlands  electric  utility 
network.  Starting  point  for  the  calculations 
is  the  Netherlands  electricity  demand  on 
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characteristic  days  (figure  4) :  the  maximum 
and  minimum  day  load  of  the  public  network. 

MW 


FIG. 4  MAXIMUM,  MINIMUM  AND  AVERAGE 

LOAD  CURVE  OF  THE  NETHERLANDS 
ELECTRIC  UTILITIES 

INVESTMENT  SAVING 

In  case  of  the  use  of  a  storage  system,  the 
maximum  installed  production  capacity  can 
be  reduced,  resulting  in  lower  total  fixed 
costs  of  electricity  production.  On  the  op¬ 
posite  the  investment  costs  of  the  storage 
system  have  to  be  taken  into  account.  In 
the  case  of  one  day-night-cycle,  resulting 
in  a  nearly  complete  levelling  out  of  the 
production  curve,  a  storage  capacity  of  a- 
bout  13000  MWh  is  required.  The  investment 
costs  of  a  flywheel  system  of  that  capaci¬ 
ty,  based  on  proven  technology,  are  ap¬ 
proximately  8  times  higher  than  the  finan¬ 
cial  savings  in  this  case.  However, 

in  the  case  of  smaller  storage  capacities 
benefits  may  counterbalance  costs.  This  has 
been  shown  in  an  ECN  study. ^  Decisive  for 
this  balance  of  costs  and  benefits  is  the 
way  in  which  costs  and  benefits  depend  on 
the  shape,  i.e.  the  height  and  the  surface, 
of  the  peak  which  is  shaved  off  by  the  sto¬ 
rage  system:  the  height  determines  the 
saved  investment,  the  surface  the  required 
storage  capacity  of  the  f l3nf^heel-system. 

In  other  words:  if  the  stored  capacity  de¬ 
creases,  benefits  decrease  linear lywith  the 
height  of  the  peak,  whilst  the  costs  de¬ 
crease  with  the  surface  of  the  peak  (figure 
5). 

Writing: 

benefit:  B  =  Ax, 

costs  :  K  =  mSx^, 

the  net  saving  will  then  be: 

B  -  K  =  Ax  -  mSx^. 

The  net  saving  will  be  positive^for  mx  <  — 
and  shows  a  maximum  for  2  mx  =  — . 


FIG.Sa  BENEFIT  AND  COST  IN  RELATION 
TO  THE  HEIGHT  OF  THE  PEAK 

FIG  5  b  NETT  BENEFIT  IN  RELATION 
TO  THE  HEIGHT  OF  THE  PEAK 

The  figures  for  investment-  and  capital 
costs  of  conventional  power-capacity  A  and 
present  flywheel  technology  S  are: 

A  =  /  1,5.10^/MW,  based  on  f  10^/MW  invest¬ 
ment  and  15%  capital  costs, 

S  =  f  l,5.105/MWh,  based  on  f  l,5.10®/MWh 
investment  and  10%  capital  costs. 

Under  these  circumstances,  there  will  be  a 
net  saving  if  periods  are  not  longer  than 
two  hours.  The  optimum  period  is  one  hour 
corresponding  with  a  storage  capacity  in 
the  region  of  10-50  MWh  (see  figures  6  and 
7) .  It  should  be  noted  that  the  steepness 
of  the  peak  is  a  function  of  the  factor  m 
and  will  determine  the  necessary  charge/ 
discharge  characteristics  of  the  flywheel 
system. 

ENERGY  SAVING 

Fuel  conservation  will  result  from  a  higher 
efficiency  of  electricity  production.  This 
efficiency-increase  will  however  partly  be 
offset  by  the  losses  of  the  storage  system. 
In  the  Netherlands,  the  average  efficiency 
of  the  electricity  production  in  1975  was 
about  37%.  With  the  installation  of  a  sig¬ 
nificant  storage  capacity,  it  is  possible 
to  raise  the  overall  efficiency  to  38  or 
39%,  including  the  losses  in  the  storage 
system. 
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FIG.  6  THE  NETT  BENEFIT  IN  RELATION  OF  HEIGHT  OF  THE 
PEAK  AND  CYCLE  PERIOD 


FIG.  7  THE  NETT  BENEFIT  IN  RELATION 
TO  THE  HEIGHT  OF  THE  PEAK. 


The  scale  of  a  storage  system  is  mainly  de¬ 
termined  by  the  maximum  power  demand  (figu¬ 
re  4)  on  the  coldest  day.  But  also  during 
the  rest  of  the  year,  storage  can  be  of 
help  to  achieve  a  more  regular  production 
(and  thus  a  higher  efficiency),  visualised 
by  the  load  duration  curves  of  the  whole 
system  (figure. 8), 

The  calculations^  are  based  on  the  case 
that  the  efficiency  increases  1%  respecti¬ 
vely  2%,  using  a  storage  capacity  of  10% 
of  total  electricity  supply. 


FIG  8  LOAD  DURATION  CURVES 

Assuming  that  the  efficiency  increases  line¬ 
arly  with  the  percentage  of  stored  energy, 
it  can  be  seen  that  in  the  first  case  the 
efficiency  of  the  storage  system  should  be 
larger  than  79%  and  in  the  second  case  lar¬ 
ger  than  65%  in  order  to  save  fuel . 

CONCLUSION 


In  our  view  it  is  not  realistic  to  assess 
in  general  the  economic  feasibility  of  sto¬ 
rage  systems  on  the  basis  of  the  cost-bene¬ 
fit  relation  for  the  daily  cycle.  As  regards 
the  storage  cycle  periods  to  be  considered 
there  is  a  cost-minimum  at  much  smaller  sto¬ 
rage  capacities.  This  model  shows  an  "inver- 
sed  economy  of  scale”;  this  means  that  very 
moderate  storage  systems  with  short  cycle 
periods  can  give  a  net  profit,  even  when 
larger  systems  show  a  negative  benefit.  A 
shift  of  the  optimum  storage  cycle  period 
towards  higher  values  may  result  from  futu¬ 
re  development  in  technology  and  rising  fuel 
prices , 

Benefits  related  to  capacity  quality  control 
and  safeguarding  of  electricity  transport 
and  distribution  systems  have  not  been  cal¬ 
culated. 
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RESEARCH  AND  DEVELOPMENT  PROGRAM 
GENERAL 

The  most  favourable  short  term  applications 
of  energy  storage  in  the  Netherlands  are 
found  in  electric  power  generation  and  in 
transportation.  For  both  applications  ad¬ 
vanced  batteries  and  flywheels  turn  out  to 
be  the  main  candidates  for  small  to  medium 
storage  capacities.  A  comparison  of  fly¬ 
wheel  systems  and  advanced  batteries  shows 
that  flywheels  have  a  number  of  advantages, 
i.e.  high  round  trip  efficiency,  large  num¬ 
ber  of  cycles,  temperature  independence, 
high  discharge  depth  and  (dis) charge  speed. 
Moreover  the  national  industrial  and  scien¬ 
tific  know-how  and  competence  favour  an 
R&D  program  on  flywheel  technology.  Based 
on  this  view,  the  Netherlands  Energy  Re-  ^ 
search  Foundation  ECN  has  developed  a  nati¬ 
onal  research  and  development  program  on 
flywheel  technology  in  cooperation  with 
industry  and  the  utilities.  The  proposed 
program,  if  accepted  by  the  Netherlands  ^ 
Government,  will  start  in  1978.  It  consists 
of  the  following  two  lines  of  activities. 
The  relation  between  these  two  lines  is 
such  that  results  from  one  line  will  be 
used  for  the  other  line. 

FIRST  LINE  OF  ACTIVITIES 

The  major  goal  of  the  program  is  to  inte¬ 
grate  a  flywheel  system  at  prospective 
locations  in  the  electrical  network  within 
five  years.  This  program  will  be  based 
mainly  on  proven  technologies  and  existing 
industrial  know-how  and  concerns  a  flywheel 
module  in  the  range  of  1-3  kilowatthours 
of  storage  capacity.  In  figure  9,  the  de¬ 
velopment  plan  of  this  first  line  has  been 
summarised.  The  five  year  period  has  been 
divided  into  four  phases.  In  phase  one,  a 
pre-design  will  be  made.  In  phase  two,  some 
experimental  prototypes  will  be  built  into 
a  test  and  demonstration  facility.  In  phase 
three  an  industrial  prototype  will  be  de¬ 
signed  and,  in  phase  four,  some  small  pilot 
plants  will  be  built  and  tested  in  connec¬ 
tion  with  a  substation,  a  distribution 
station  or  the  utility. 

Phase  one  of  the  program  comprises  the  fol¬ 
lowing  jobs: 

Analysis  of  the  functions  of  a  storage  sys¬ 
tem  for  peak  shaving  and  load  leveling  ap- 
plications:  determination  of  the  most  fa- 
vourable  locations  of  a  storage  system  in 
the  electrical  network. 


1978  I  1979  1  1980 

1981  1  1982 

PHASE  ll  PHASE  2  |PHASE3 

PHASE  4. 

LOCATION  AND 
SITE  ANALYSIS 


CONFIGURATION 


ROTOR  DEVELOPMENT 


DEVELOPMENT  BEARING.  HOUSING,  MOTOR  /  GENERATOR 


MECHANICAL  AND  ELECTRICAL  TESTS 


Ip  L  ANT 


FIG.9  UTILITY  FLYWHEEL  R&D  PROGRAM 


Flywheel  materials  analysis . 

Materials  with  proven  characteristics  will 
be  chosen  for  determination  of  their  energy 
storage  capacity  optimised  with  respect  to 
theoretical  energy  density,  rotor  configu¬ 
ration  and  practical  rotor  energy  density, 
costs  of  materials  and  their  machining  and 
manufacturing.  Materials  to  be  considered 
are  high  strength  steel,  and  E-glass,  S- 
glass,  Kevlar,  C-filament  and  boron-fila¬ 
ment  with  i^oxy-resin  as  matrix-material. 
Materials  choice  will  thus  depend  on  the 
physical  properties  of  the  starting  materi¬ 
al,  its  machinability  and  its  expected  be¬ 
haviour  under  working  conditions,  including 
high  vacuum  operation. 

Flywheel  configuration  analysis. 

Analysis  of  existing  national  know-how  leads 
to  consider  for  short  term  development  a 
thin  wall  cylinder  and  a  single  or  multiple 
thin  rim  flywheel  configuration.  The  energy 
storage  characteristics  will  be  determined 
in  relation  to  wall  or  rim  dimensions,  ta¬ 
king  into  account  the  strength  and  dynamics 
analysis  for  candidate  construction  materi¬ 
als  and  the  requirements  for  mass-producti¬ 
on  of  1-3  kWh  modules.  The  results  will 
indicate  the  rotor  shape  and  material  ex¬ 
pected  to  provide  the  lowest  storage  costs 
over  the  system’s  operational  life. 

Bearings  and  damper  system. 

A  spiral  groove  bearing  is  envisaged  to 
serve  as  the  bottom  support  and  a  magnetic 
bearing  will  be  used  at  the  top.  The  dam¬ 
ping  characteristics  required  will  be  deter¬ 
mined  by  the  dynamic  behaviour  of  the  rotor/ 
bearing  system.  Extensive  experience  in  the 
field  of  high  speed  high  vacuum  operated 
centrifuges  suggest  that  the  systems  dyna¬ 
mics  will. pose  neither  technical  nor  econo¬ 
mic  problems. 

Housing  and  siting  requirements. 

The  principal  functions  of  the  housing  are 
to  provide  a  high  vacuum  environment  for 
the  rotor,  protection  against  interior  and 
exterior  signals  and  safety  under  accident 
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conditions.  The  siting,  above  as  well  as 
underground  will  be  considered  in  relation 
to  safety  requirements  and  costs. 
Motor/generator  and  converter  system. 

Two  different  types  will  be  analysed:  a  hys“ 
teresis  motor/generator  and  a  brushless  DC 
motor/generator.  Hysteresis  motors  with  re¬ 
quired  characteristics  are  available,  but 
the  brushless  DC  motor  has  a  better  potenti¬ 
al  for  higher  conversion  efficiencies  and 
can  be  developed  in  the  near  future.  In 
combination  with  available  advanced  conver¬ 
ter  systems,  the  energy  losses  of  the  motor/ 
generator/converter  system  will  be  limited 
to  a  few  percent. 

Economic  feasibility  analysis. 

The  investigations  mentioned,  meant  to  veri¬ 
fy  the  applicability  of  existing  technology, 
will  be  executed  in  close  relation  to  a  cos¬ 
ting  analysis,  which  forms  a  part  of  the 
project  management  and  tasks. 

The  continuation  of  this  first  design  defi¬ 
nition  into  a  second  phase  of  prototype 
testing  will  not  only  serve  to  verify  whet¬ 
her  a  short  term  development  with  existing 
technology  is  possible.  The  resulting  know¬ 
ledge  and  experience  will  also  offer  guidan¬ 
ce  to  the  advanced  systems  R&D  program,  con¬ 
stituting  the  second  line  of  activities. 

SECOND  LINE  OF  ACTIVITIES 

The  first  phase  of  this  advanced  systems 
development  program  will  include: 

R&D  for  transport  applications 
Analysis  of  energy  storage  applications  in 
transportation  has  shown  that  from  an  ener¬ 
gy-saving  point  of  view,  the  development  of 
a  hybrid  fl3rwheel  for  urban  transport  sys¬ 
tems  is  the  most  promising  for  short  term 
application.  In  this  phase  a  more  detailed 
analysis  of  different  kinds  of  urban  trans¬ 
port  systems  will  be  needed  to  define  a  de¬ 
velopment  program.  A  cost-benefit  analysis 
will  result  in  the  definition  of  the  stora¬ 
ge  capacity  required  and  the  dimensions  of 
the  flywheel-units  for  different  transport 
systems.  To  set  up  the  program,  automobile 
industry,  public  transport  services  and 
railway  industry  will  be  mobilized.  The  pre¬ 
parations  in  phase  one  will  lead  to  a  con¬ 
tinuation  in  an  R&D  program  to  start  mid 
1978. 


metallic  glass  applications), 

-  development  of  manufacturing  processes 
for  composite  rotors  , 

-  configuration  analysis  and  testing, 

-  higher  energy  densities, 

-  evaluation  of  testing  methods? 

-  development  of  electronnagnetic  and  per¬ 
manent  magnetic  suspensions. 

Systems  analysis  of  future  applicati on s . 
This  part  consists  of  eValuation  studies  of 
intermediate  and  long  term  applications? 
for  instance  in  the  field  of: 

-  purely  flywheel-powered  vehicles, 

-  wind  power  production  systems, 

-  industrial  peak  power  supply, 

-  combined  heat  and  power  supply, 

-  solar  electric  production  systems. 
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Advanced  flywheel  development  plan.  The  re¬ 
search  and  development  plan  for  the  inter¬ 
mediate  and  the  long  term  will  concern: 

-  composite  materials  research  (fibers  and 
matrices) , 

-  new  materials  research  (amorphous  metals. 
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FLYWHEEL  PROGRAMS  IN  OTHER  COUNTRIES 


D.  W.  Rabenhorst 
The  Johns  Hopkins  University 
Laurel,  Maryland  ZU810 


INTRODUCTION 

Over  the  past  10  years,  the  author 
has  received  dozens  of  letters  from  more 
than  20  countries  requesting  information 
about  the  Super flywheel  programs  at  the 
Applied  Physics  Laboratory,  The  Johns 
Hopkins  University.  Through  continuing 
correspondence,  and  in  many  cases  through 
personal  contact,  it  has  been  established 
that  nine  of  these  countries  have  on-going 
programs  in  flywheel  technology.  Letters 
were  sent  to  these  countries  requesting 
infomation  on  their  respective  flywheel 
programs.  In  an  attempt  to  standardize 
the  flywheel  program  information  received, 
a  guideline  form  was  sent  to  correspond¬ 
ents  in  these  nine  countries  along  with 
appropriate  covering  letters.  The  typical 
information  requested  is  illustrated  in 
Fig.  1,  whereas  the  addressees  are  listed 
in  Fig.  2.  Replies  were  received  from 
leight  of  the  countries  contacted;  however, 
the  requested  Information  was  not  included 
in  all  of  the  replies. 

As  would  be  expected  in  this 
relatively  new  flywheel  technology,  many 
of  these  R&D  programs  are  barely  in  the 
embryo  stage.  A  few  are  even  still  in  the 
proposal  stage.  On  the  other  hand,  some 
countries  have  organized  their  flywheel 
programs  within  the  past  few  months, 
whereas  others  have  been  engaged  in  this 
work  for  10  or  12  years. 

For  the  most  part,  the  information 
reported  herein  is  that  received  from 
specific  correspondence  as  outlined  above, 
however,  there  will  be  some  cases  where 
this  information  will  be  expanded  by  data 
from  other  sources,  such  as  by  personal 
contact  or  through  the  media. 

The  flywheel  programs  in  the  subject 
countries  are  presented  in  alphabetical 
order  in  the  following  discussion, 

FRANCE 

The  bulk  of  the  information  on  the 
French  fl3wheel  programs  was  provided 


through  correspondence  with  M.  Pierre 
Poubeau,  who  will  be  presenting  a  paper 
later  in  this  symposium.  Additional 
information  was  obtained  from  Aerospatiale 
literature  and  from  the  Washington,  DC 
office  of  the  company. 

The  principal  R&D  program  concerning 
modern  flywheel  technology  in  France 
appears  to  be  the  one  at  Aerospatiale, 
under  the  direction  of  Mr.  Poubeau.  This 
work  has  been  underway  since  about  1969, 
and  has  so  far  dealt  mainly  with  space¬ 
craft  applications,  although  a  number  of 
ground  applications  have  also  been  con¬ 
sidered.  The  Aerospatiale  external  funds 
for  this  work  have  come  from  Intelstat; 
however,  it  is  estimated  that  company 
funds  have  greatly  exceeded  the  external 
funds.  Total  expenditure  to  date  is  of 
the  order  of  $1,000,000  or  less. 

The  Aerospatiale  super flywheel*  is 
one  of  the  first  (if  not  the  first)  to  be 
used  in  service.  It  provides  altitude 
control  for  current  telecommunications 
satellites.  The  typical  flywheel  con¬ 
struction  is  shown  in  Fig.  3.  It  employs 
a  wound  rim  of  carbon  fiber /epoxy  encased 
in  a  cyclo-profile  wound  structure  made 
from  Kevlar. 

The  fl3^heel  system  performance  is 
not  spectacular  in  terms  of  energy-to- 
weight  and  energy-to-volume  ratios. 
However,  notable  achievements  have  been 
demonstrated  in  the  areas  of  reliability 
and  low  drag.  These  have  been  achieved 
through  the  use  of  the  Aerospatiale- 
developed  three-plane  magnetic  suspension 
system,  of  which  the' principal  components 
are  identified  in  Fig.  4.  Energy  storage 
levels  of  the  order  of  72  MJ/kg  (20wh/kg) 
are  typical. 


The  term  "super flywheel"  is  used  herein 
to  designate  those  flywheels  made  pre¬ 
dominately  of  modern  filament  materials. 
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GERMANY 

The  requested  information  about 
existing  flywheel  programs  in  Germany  had 
not  been  received  at  the  time  this  report 
was  being  written.  However,  the  following 
comments  are  based  upon  information  re¬ 
ceived  from  other  sources. 

Three  German  flywheel  programs  have 
been  identified.  The  first  is  believed 
to  have  been  conducted  at  the  University 
of  Stuttgart  under  the  direction  of 
Professor  Gunter  Scholl.  This  program 
apparently  had  as  its  main  goal  the 
feasibility  demonstration  of  a  flywheel- 
powered  road  vehicle,  using  fiberglass 
as  the  main  fl3rwheel  constituent.  The 
present  status  of  this  program  is 
unknown,  although  it  was  stated  during 
the  European  Flywheel  S3nnposium  in  Biel, 
Switzerland,  last  year  that  this  program 
had  been  abandoned. 

The  second  program  publicized  in  the 
media  is  an  undefined  mission  sponsored 
by  the  German  Federal  Department  of  R&D. 
The  work  is  apparently  being  done  at  the 
University  of  Aachen  with  total  funds  of 
approximately  $230,Q00. 

There  is  also  an  undefined  (to  the 
author)  program  at  Daimler-Benz,  under 
the  direction  of  a  Mr.  Swinner  who  is  in 
charge  of  all  flywheel  programs  in  that 
company.  Details  of  the  Daimler-Benz 
fl3nf(rheel  program  are  lacking  at  this  time. 

ITALY 

The  Italian  super flywheel  R&D  pro¬ 
gram  is  a  relatively  well  laid  out 
national  effort  supported  by  the  National 
Research  Council  (  CNR)  at  an  annual  fund¬ 
ing  level  of  about  $1,000,000.  The  two 
principal  objectives  of  the  overall 
program  are  to  develop  a  flywheel /engine 
hybrid  bus  by  1979  and  an  industrial 
storage  system  within  three  years.  A 
loosely  knit  organization  of  a  dozen  com¬ 
panies,  universities  and  laboratories 
comprise  the  work  force  for  this  program. 
These  organizations  are  listed  in  Fig.  5. 

The  flywheels  for  the  Italian  program 
are  being  developed  under  the  direction 
of  Dr.  Giancarlo  Genta  at  the  Institutto 
della  Motorizzazione  of  the  Politecnico 
di  Torino.  The  configuration  which  has 
been  adopted  is  The  Johns  Hopkins 
University,  Applied  Physics  Laboratory, 
bare  filament  superf l3rwheel  which  will 


employ  steel  tire  wire,  coated  fiberglass, 
or  Kevlar,  depending  upon  the  application 
in  question.  An  early  version  of  the 
Italian  Kevlar  bare  filament  super fl5rwheel 
is  illustrated  in  Fig.  6.  This  can  be 
compared  with  the  APL/JHU  version  shown  in 
Fig.  7.  The  latter  configuration  has 
exceeded  325  KJ/kg  (90  wh/kg)  in  recent 
tests  (including  consideration  of  hub  and 
spokes).  Thus,  it  would  appear  that  the 
Italian  program  goals  of  20  to  60  wh/kg 
can  be  readily  met  with  this  configuration. 

The  main  difference  between  the 
Italian  and  APL  bare  filament  configura¬ 
tions  is  that  the  former  type  uses 
compression  spokes,  whereas  the  latter 
type  uses  tension  spokes,  which  are  an 
order  of  magnitude  lighter  and  comparably 
lower  in  manufacturing  cost. 

In  addition  to  the  bare  filament 
fl5rwheels,  various  Italian  organizations 
have  engaged  in  other  related  R&D  work 
involving  hardware  as  well  as  fl5n<7heel 
applications  studies.  Fiat,  for  example, 
is  investigating  flywheel  battery  hybrid 
vehicles  of  several  types  from  minicars 
to  buses  in  several  company-funded 
projects.  Also,  Pirelli  is  known  to  be 
experimenting  with  various  fl3^heel  con¬ 
figurations  involving  rubber  matrices. 

Other  fl3wheel  configurations  are  being 
explored  at  the  University  of  Cagliori. 

This  work  will  be  reported  later  in  this 
symposium. 

JAPAN 

The  information  concerning  the 
Japanese  fl5rwheel  programs  was  obtained 
from  Mr.  Kozo  Kitoh  of  the  Japan  Auto¬ 
mobile  Research  Institute,  Mr.  S.  Nakamura 
of  the  Mitsui  Engineering  and  Shipbuilding 
Company,  and  Dr.  Tsuneji  Yada  of  the 
Mechanical  Engineering  Laboratory  of  the 
Agency  of  Industrial  Science  and  Tech¬ 
nology,  Ministry  of  International  Trade 
and  Industry.  Like  the  Italians,  the 
Japanese  flywheel  program  appears  to  be 
aimed  at  a  combination  of  vehicles,  as 
well  as  at  the  industrial  energy  storage 
application.  Understandable  communications 
problems  make  it  difficult  to  accurately 
extrapolate  the  various  bits  and  pieces  of 
information  received.  However,  the  pro¬ 
gram  characteristics  appear  to  be  as 
follows:  The  vehicle  programs  began  in 
1976,  and  the  first  test  vehicle  was 
completed  in  July  1977.  This  was  a  state- 
of-the-art  vehicle  made  from  off-the-shelf 
components.  It  utilized  a  more-or-less 
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conventional  steel  fl)n^heel  and  an  elec¬ 
trical  power  transfer  system. 

The  details  of  this  flywheel  system 
are  shown  in  Fig.  8  and  the  installation 
in  the  vehicle  is  shown  in  Fig.  9.  Figure 
10  is  a  photograph  of  the  actual  van-type 
vehicle. 

The  flywheel  in  this  vehicle  is  a 
nickel-chrome-vanadium  steel  disk  50  cm 
in  diameter  by  3  cm  thick.  It  is  spun  up 
by  a  60-volt  dc  motor  which  is  fed 
through  an  appropriate  converter  from  a 
standard  200-volt  ac  commercial  electric 
source.  The  0.14  kW-h  of  energy  stored 
in  the  flywheel  is  sufficient  to  drive 
this  experimental  car  1  km  at  a  running 
speed  of  10  km/h. 

Seals  for  this  unit  are  a  special 
variety  made  from  fluororubber  especially 
shaped  to  withstand  the  10,000  rpm  oper¬ 
ating  rotational  speed.  A  mist  lubricated 
combination  ball  and  roller  bearing  system 
is  used.  A  pressure  of  10“1  torr  is 
maintained  by  a  vacuum  pump  driven  by  a 
separate  12-volt  power  supply,  which  is 
said  to  allow  a  pump-down  time  of  less 
than  1  min. 

The  funding  level  for  the  flywheel- 
powered  car  program  is  apparently  at  a 
level  of  10,000,000  yen  (approximately 
$35,000)  for  FY  1977.  The  eventual  goal 
of  this  program  is  to  develop  a  flywheel- 
powered  bus  by  FY  1981. 

A  second  Japanese  program  involves 
the  eventual  development  of  a  10  MW*h 
utilities  peaking  flywheel  system  with  a 
completion  date  of  1985.  This  work  is 
also  being  done  under  the  guidance  of  the 
Agency  of  Industrial  Science  and  Tech¬ 
nology,  Ministry  of  International  Trade 
and  Industry  (MITI) .  This  is  part  of  the 
general  Japanese  program  called  "Sunshine 
Projects."  The  flywheels  in  this  program 
have  not  yet  been  defined  in  detail  in 
the  literature.  They  could  be  made  from 
steel,  fiberglass,  carbon  fibers,  or 
Kevlar,  etc. 

The  current  funding  for  this  program 
is  about  28,000,000  yet  (about  $100,000) 
per  year,  which  /appears  to  be  about  1%  of 
that  required  to  accomplish  the  utilities 
peaking  flywheel  R&D  mission. 

THE  NETHERLANDS 

Although  Dr.  Maarten  Van  Zanten  has 
prepared  a  separate  presentation  on  the 


proposed  flywheel  programs  for  The 
Netherlands,  the  following  additional 
comments  regarding  the  related  work  being 
accomplished  in  that  country  may  be  of 
interest.  This  work,  which  is  being  done 
at  the  University  of  Utrect  and  at 
Groningen  University,  deals  with  two 
relatively  new  materials  which  could  have 
considerable  impact  on  future 
super flywheels . 

The  first  of  these  is  amorphous 
metal,  or  metglass  as  it  is  otherwise 
known.  While  this  material  is  not  new, 
the  development  of  useful  flywheel-related 
properties  is  relatively  new.  Mr.  W.  C. 
Emmens  of  the  University  of  Utrect 
described  amorphous  metals  properties  at 
the  first  European  Flywheel  Conference  in 
Biel,  Switzerland  in  September  1976. 
Tensile  strengths  of  more  than  3.5  GN/m^ 
(500,000  psi)  were  reported  for  this 
material,  which  generally  has  a  density 
slightly  less  than  that  of  steel.  The 
material  form  is  usually  a  thin  ribbon 
having  a  thickness  of  about  50  pm 
(0.002  in.)  and  a  width  of  about  2  mm 
(approximately  0.050  in.).  Although  it  is 
not  readily  structurally  bondable,  it 
would  appear  that  this  material  is  appli¬ 
cable  to  the  bare  filament  superflywheel 
configurations  described  in  the  foregoing 
section. 

The  second  applicable  material 
described  by  Mr.  Emmens  concerns  the  work 
of  Dr.  A.  J.  Pennings  at  the  Groningen 
University.  This  material,  crystalline 
polyethylene,  is  reported  to  have  a 
tensile  strength  of  4  GN/m^  (580,130  psi). 
It  is  apparently  theoretically  capable  of 
reaching  10  GN/m^  (1,450,000  psi).  Since 
the  density  of  this  material  is  that  of 
polyethylene,  its  strength-to-weight  ratio 
has  already  exceeded  twice  that  of 
Kevlar,  and  could  eventually  exceed  five 
times  that  of  Kevlar.  Typically,  the 
crystalline  polyethylene  fibers  are  about 
the  same  range  of  diameters  as  fiberglass, 
and  experimental  lengths  up  to  several 
hundred  meters  have  been  produced  in  the 
laboratory. 

As  with  many  other  prospective  fly¬ 
wheel  materials,  the  key  to  the  eventual 
success  of  this  new  material  will  be  its 
cost  of  production. 

It  should  also  be  noted  that  the 
author  was  advised  during  a  visit  to  AKZO 
corporate  headquarters  in  Arnhem,  The 
Netherlands  in  1975,  that  this  company 
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has  developed  a  fiber  having  similar 
properties  to  Kevlar.  AKZO  is  basically 
a  textile  company  grossing  more  than  a 
billion  dollars  per  year. 

SOUTH  AFRICA 

Professor  Gordon  L.  Bredenkamp  of  the 
Electronic  Department  of  the  University  of 
Pretoria  is  reported  to  be  conducting  the 
only  fl5rwheel  R&D  program  in  South  Africa. 
This  program,  which  is  currently  funded  at 
a  level  of  $30,000  a  year,  has  as  its 
immediate  objective  the  satisfactory 
demonstration  of  a  flywheel-powered 
electric  vehicle.  Other  objectives  are 
aimed  at  solar  and  wind  applications  and 
eventually  at  the  utility  application. 

At  the  present  time,  the  principal 
immediate  objective  is  to  develop  a  satis¬ 
factory  fiberglass  fl3rwheel  having  a 
performance  in  the  range  of  180  MJ/kg 
(50  W-h/kg).  The  configuration  is 
identical  to  one  proposed  by  the  author 
to  the  National  Science  Foundation  in 
1975.  However,  it  is  the  method  of  manu¬ 
facture  which  distinguishes  the  South 
African  superflywheel  from  its  Johns 
Hopkins  counterpart. 

This  is  accomplished  through  wet 
winding  the  filaments  in  a  conventional 
manner  and  selectively  inserting  thin 
films  of  typical  mold  release  material  at 
various  preselected  radii  and  quadrants. 

In  this  manner  the  fl3^heel  when  completed 
consists  of  discrete  thin  rings  which  are 
bonded  together  only  at  the  spoke  areas. 

In  addition  to  this,  the  rings  are  wound 
in  a  subcircular  configuration  in  order 
to  minimize  the  outward  radial  loads  at 
the  bonded  spoke  areas  resulting  from 
ring  expansion  during  operation  of  the 
f  l3rwheel . 

The  University  of  Pretoria  effort  to 
date  has  concentrated  on  fl3?wheel  develop¬ 
ment,  although  some  work  has  also  been 
accomplished  in  the  areas  of  high  speed 
electric  motor  design  and  magnetic 
suspension. 

Professor  Bredenkamp  has  provided 
slides  describing  his  work. 

SWITZERLAND 

The  super flywheel  program  in  Switzer¬ 
land  is  described  by  Dr.  Hans  Asper  of 
Conergy,  Ltd.,  who  was  largely  responsible 
for  organizing  the  first  European  Flywheel 


Conference  in  September  1976.  The  Swiss 
program  for  super flywheel  energy  storage 
system  development  is  unlike  any  of  the 
other  programs  reported  in  the  foregoing, 
in  that  it  is  funded  primarily  by  private 
capital  rather  than  by  government  capital. 
Conergy,  Ltd.,  represents  a  coalition  of 
concerned  citizens  who  are  primarily 
interested  in  promoting  the  application 
and  industrial  use  of  superf lywheel  energy 
storage  systems  through  international 
cooperation  on  various  levels. 

The  first  phase  of  the  Conergy  effort 
will  be  the  development  and  evaluation  of 
an  industrial  superflywheel  energy  storage 
system  having  a  capacity  of  100  to 
1000  W»h  at  a  power  level  of  up  to  about 
1  kW. 

UNITED  KINGDOM 

The  report  on  flywheel  activity  in 
the  United  Kingdom  is  based  upon  informa¬ 
tion  received  from  Mr.  Robert  C.  Clerk 
of  Glenrothes,  Scotland,  who  has  authored 
many  flywheel-related  activities  since 
about  1965. 

There  are  four  flywheel  energy 
storage  programs  on  which  information  has 
been  received.  All  of  these  make  use  of 
Mr.  Clerk’s  patented  prestressed  laminated 
steel  flywheel  which  is  illustrated  in 
Fig.  11.  Depending  upon  the  application 
and  consequent  material  type,  the  general 
performance  of  the  overall  system  ranges 
from  about  14  to  26  W*h/kg. 

The  first  program  involves  a  25  kW-h 
storage  system  to  power  a  nonhazardous 
locomotive.  This  program  is  currently 
funded  at  a  level  of  $250,000  and  has  a 
nominal  completion  date  of  late  1978. 
Design  power  output  is  125  kW  via  the 
patented  Clerk  high  performance  hydraulic 
transmission,  which  is  to  be  described 
elsewhere  in  this  symposium  by  Mr.  Clerk. 

The  second  program  is  somehow  related 
regeneratively  to  an  offshore  oil  rig,  and 
is  also  scheduled  for  completion  in  late 
1978.  It  is  included  as  part  of  an  over¬ 
all  funding  of  $4,000,000  for  the  program, 
so  it  is  difficult  from  this  information 
to  ascertain  just  how  much  funding  is 
allocated  for  the  fl3^heel  system. 

The  third  flywheel  energy  storage 
program  reported  deals  with  a  general  line 
of  units  for  industrial  and  heavy  trans¬ 
port  systems.  Performance  for  these  is 
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reputed  to  be  about  25  kW-h  energy  storage 
at  a  maximum  power  of  3000  kW  (hydraulic) . 
Funding  level  for  this  work  is  apparently 
$1,600,000,  and  a  completion  date  of 
September  1978  was  reported. 

The  fourth  program  involves  the  fly¬ 
wheel  and  hydrostatic  transmission 
development  work,  which  is  supported  by 
Mr.  Clerk  himself,  and  which  he  thinks 
should  be  completed  by  early  1979. 

USSR 

The  author  had  not  received  a 
response  to  his  questionnaire  from  the 
USSR  by  the  time  this  article  was  in 
preparation.  However,  it  was  possible  to 
assemble  the  information  in  the  following 
discussion  from  the  numerous  Soviet 
reports,  patents,  books,  magazines,  photo¬ 
graphs  and  letters  which  have  been 
received  on  this  subject  over  the  past 
seven  years. 

The  flywheel-related  accomplishments 
in  the  Soviet  Union  cover  nearly  every 
aspect  of  modern  super flywheel  technology 
and  are,  indeed,  so  extensive  that  it 
would  be  entirely  impractical  to  attempt 
to  detail  these  activities  in  this  presen¬ 
tation.  The  principal  achievements  are 
limited  in  Fig.  12,  and  the  known  machines 
employing  flywheel  storage  systems  are 
listed  in  Fig.  13.  A  few  of  these  are 
worthy  of  special  comments  as  follows: 
the  main  flywheel  configuration  described 
in  the  Soviet  literature  is  the  thin  strip 
which  is  illustrated  in  Fig.  14.  While 
not  possessing  particularly  high  specific 
performance,  this  configuration  appears 
to  be  a  near  optimum  combination  of  low 
cost  and  high  safety  —  with  performance 
exceeding  that  of  a  lead  acid  battery. 

This  flywheel  configuration  was  developed 
by  Dr.  Nurbei  Gulia  and  Dr.  M.  Ochan  at 
the  Central  Scientific  Research  Institute 
for  Machine  Building  Technology. 

A  second  notable  USSR  achievement  is 
the  intermediate  fl3rwheel  rotating  con¬ 
tainer  illustrated  in  Fig.  15  which,  all 
things  considered,  can  result  in  aero¬ 
dynamic  drag  reductions  of  more  than  a 
factor  of  two  in  some  cases. 

A  novel  mechanical  infinitely  vari¬ 
able,  discrete  range  transmission  having 
a  reported  efficiency  as  high  as  97%  has 
also  been  developed.  The  basic  element 
of  this  unit  is  shown  in  the  sketch  in 
Fig.  16,  while  Fig.  17  illustrates  how 


this  basic  unit  is  employed  in  the  trans¬ 
mission.  An  actual  transmission  is  shown 
in  Fig.  18,  and  the  test  vehicle  used  in 
its  evaluation  is  shown  in  Fig.  19. 

A  remarkable  achievement  in  Soviet 
fl3wheel  technology  is  the  apparent  dis¬ 
covery  of  a  process  for  reducing  bearing 
friction  to  a  negligible  amount.  This 
process  is  best  described  by  the  follow¬ 
ing  direct  quotation  from  Dr.  Nurbei 
Gulia ’s  recent  book,  “Flywheel  Engines,” 
Mashinostroyeniye  Press  (1976):  "The 
greatest  promise  for  flywheel  bearings 
operating  in  a  vacuum,  particularly  a  deep 
vacuum,  is  provided  by  the  phenomenon  of 
super  low  friction,  recently  discovered  by 
a  group  of  Soviet  scientists.  They  dis¬ 
covered  that  a  number  of  well-known 
materials,  including  many  previously  used 
for  bearings  with  solid  lubrication  in  a 
vacuum,  if  suitably  irradiated,  for 
example  by. helium  nuclei  or  simply  by  an 
electron  flux,  show  a  reduction  in 
coefficient  of  friction  practically  to 
zero.  It  was  discovered  that  a  vacuum  is 
not  only  no  problem,  but  actually  may  even 
be  a  necessary  condition  for  the  achieve¬ 
ment  of  super  low  friction.  Private 
conversations  which  I  have  had  with  the 
inventors,  particularly  with  Doctor  of 
Technical  Sciences  A.  A.  Silin  and  with 
Y,  A.  Dukhovskiy,  have  confirmed  the 
technical  possibility  of  creating  super 
low  friction  bearings  for  flywheels 
operating  in  an  evacuated  spin  chamber. 

When  this  is  done,  flywheel  engines  will 
have  practically  no  internal  energy 
losses,  giving  them  almost  100%  efficiency. 
Those  are  exciting  words  for  flywheel 
engine  designers!" 

It  can  be  seen  from  the  table  in 
Fig.  13  that  the  Soviets  have  incorporated 
flywheel  energy  storage  systems  in  a  large 
variety  of  machines.  Notable  among  these 
is  .  the  wind  energy  storage  system  by 
Georg ianovitch  Ufimtsev  in  the  early 
1930’ s,  which  is  illustrated  in  Figs.  20 
and  21.  The  Ufimtsev  system  apparently 
also  included  a  variable  transmission. 

Also  remarkable  are  their  flywheel- 
powered  hand  tools,  typical  of  which  is 
the  hand  drill  shown  in  Fig.  22.  And, 
finally,  the  most  recent  Soviet  flywheel- 
powered  vehicle  is  the  miniature  car  shown 
in  Figs.  23  and  24,  which  is  currently  in 
mass  production  as  a  driver  education 
device.  Later  versions  of  this  car  will 
have  a  range  of  several  kilometers  on  one 
charge. 
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It  is  important  to  note  that  while 
more  than  a  dozen  different  Soviet 
fl3rwhe el-powered  machines  are  covered 
here,  not  one  of  them  requires  a  specific 
energy  much  greater  than  that  of  a  lead 
acid  battery! 


The  message  here,  which  is  also  that 
which  has  been  voiced  by  this  author,  is 
that  it  is  not  always  necessary  to  have  a 
flywheel  with  high  performance  to  have 
high  utility  —  just  low  cost  and,  above 
all,  SAFETY. 
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Fig.  1.  Information  requested. 


COUNTRY 

INDIVIDUAL 
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PIERRE  POUBEAU 
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GERMANY 
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GIANCARLO  GENTA 

POLITECNICO  DE  TORINO 

JAPAN 

KOZO  KITOH 

JARI 

S.  NAKAMURA 

MITSUI  E&S 

TSUNEJI  YADA 

MITI' 

NETHERLANDS 

MAARTEN  VAN  ZANTEN 

ECN 

SO.  AFRICA 

GORDON  L.  BREDENKAMP 

UNIVERSITY  OF  PRETORIA 

SWITZERLAND 

HANS  ASPER 

CONERGY,  LTD. 

UNITED  KINGDOM 

ROBERT  C.  CLERK 

(CONSULTANT) 

USSR 

NURBEI  GULIA 

COM.  ON  THEORETICAL 
&  APPLIED  MECH. 

Fig.  2.  Flywheel  program 
correspondents. 


Fig.  3.  Aerospatiale  flywheel 
system  diagram. 
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Fig.  4.  Aerospatiale  flywheel 


INDUSTRY  AGENCIES 

FIAT  CISE 

PIRELLI  ANSOLDO 

RTM  ENEL 


UNIVERSITY  AND  RESEARCH  INSTITUTES 


UNIV.  OF  PADOVA 
UNIV.  OF  PAVIA 
UNIV.  OF  ROMA 
UNIV.  OF  CAGLIARI 
UNIV.  OF  NAPOLI 
POLITECNICO  OF  TORINO 
POLITECNICO  OF  TORINO 


INSTITUTE  OF  ELECTRONICS 
INSTITUTE  OF  ELECTRONICS 
INSTITUTE  OF  ELECTRONICS 
INSTITUTE  OF  APPLIED  MECHANICS 
INSTITUTE  OF  TECHNOLOGY 
INSTITUTE  OF  MECHANICS 
INSTITUTE  OF  MOTORIZZAZIONE 


Fig.  5.  Italian  flywheel 
organizations. 


Fig.  6.  Italian  bare  filament 
flywheel. 


Fig.  7.  APL-type  3  rotor. 


Fig.  8.  Japanese  fl)rafheel  design. 
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Fig.  9.  Diagram  of  Japanese 
flywheel  car. 


Fig.  11.  Robert  C.  Clerk  flywheel. 


•THIN  STRIP  FLYWHEELS 
FIBERGLASS  FLYWHEELS 
VARIABLE  INERTIA  FLYWHEELS 

•DUAL  CONTAINERS  FOR  REDUCED  DRAG 
MAGNETIC  BEARING  UNLOADING 
TOTAL  MAGNETIC  SUSPENSION 

•HIGH  PERFORMANCE  TRANSMISSIONS 

•VERY  LOW  ORAG  LUBRICANTS 
RUBBER  RING  SUSPENSION 
MANY  FLYWHEEL  APPLICATIONS 
(SEE  FIGURE  13) 

EXTENSIVE  FLYWHEEL  DESIGN  THEORY 
FLYWHEEL  PUBLICATIONS 

•DETAILEO  IN  TEXT 

Fig.  12.  USSR  flywheel  achievements. 
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•BUS  ACCEL-DECEL  SYSTEM 
SWITCHING  AND  MINE  ENGINES 

•WIND  ENERGY  STORAGE 
TRUCKS 
ROAD  SCRAPER 

•SMALL  CAR 
•HAND  TOOLS 

VARIOUS  INDUSTRIAL  STORAGE  UNITE 
PERSONNEL  AND  MATERIAL  HANDLING 
WELDERS 
MACHINES 

INDUSTRIAL  PEAK  LOAD 
ONE  HAULING  TRUCK 

•DETAILED  IN  TEXT 

Fig.  13.  USSR  fl3^heel  machines. 


Fig.  15.  Fl5rwheel  with  intermediate 

casp. 


Fig.  14.  USSR  thin  strip 
flywheel. 


Fig.  16.  Soviet  transmission 
concept . 
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FLYV/HEEL-CONTINUOUSLY  VARIABLE  TRANSMISSION  SYSTEMS 
FOR  AUTOMOTIVE  AND  TRANSIT  PROPULSION  SYSTEMS 


A. A.  Frank,  N.H.  Beachley,  R.  Harter,  A.  Dietrich,  D.  Stockman,  &  K.  Lau 
University  of  Wi scons i n-Mad i son 
College  of  Engineering 
Madison,  Wisconsin  53706 


ABSTRACT 

The  purpose  of  this  paper  is  to  discuss  the  characteristics  of  a  transmission  sys¬ 
tem  necessary  for  automotive  and  transit  propulsion  in  conjunction  with  a  flywheel.  The 
necessary  characteristics,  and  especially  the  required  efficiency  of  the  transmission 
system  are  presented.  It  is  demonstrated  that  the  efficiency  need  only  be  good  for  cer¬ 
tain  combinations  of  torque  and  speed.  The  areas  where  high  efficiency  is  required  are 
dependent  upon  the  driving  cycle.  The  ones  used  as  examples  are  the  EPA  standard  dri¬ 
ving  cycles  for  automobiles.  Four  separate  transmission  configurations  are  presented 
and  discussed. 


INTRODUCTION 

A  flywheel  drive  automobile  has  been 
studied  by  many  in  the  past.^  234  Such 
an  automobile  may  be  either  pure-f lywheel , 
or  a  hybrid  vehicle  in  which  a  prime  mover 
such  as  a  gasoline  engine  or  electric  mo¬ 
tor  is  also  incorporated.  The  objective 
of  flywheel  drive  for  automotive  propul¬ 
sion  is  improved  fuel  economy  and  perfor¬ 
mance.  Thus,  any  concept  proposed  using 
a  flywheel  and  the  associated  drive  sys¬ 
tem  must  show  sizable  improvements  over  a 
conventional  automobile  driven  from 
petroleum-based  fuel  to  be  attractive. 

The  concept  of  the  flywheel  drive 
vehicle,  ignoring  for  the  moment  how  the 
flywheel  is  charged,  is  shown  in  Fig.  1. 
The  flywheel  may  be  charged  by  an  inter¬ 
nal  combustion  engine,^  678  external 
combustion  engine,  or  electric  motor^ 
carried  on-board  the  vehicle;  or  it  may 
be  charged  from  an  external  source  loca¬ 
ted  at  a  stationary  point.  The  latter 
concept  implies  a  vehicle  range  dependent 
upon  the  amount  of  energy  stored  in  the 
flywheel  package  and  therefore  the  size 
of  the  flywheel  package.  The  former 
three  concepts  utilize  the  flywheel  to 
provide  the  prime  mover  with  a  fixed  or 
consistent  load  so  that  the  prime  mover 
can  operate  at  its  best  efficiency  condi¬ 
tions.  Thus,  with  this  concept,  the  fly¬ 
wheel  effectively  isolates  the  prime  mo¬ 
ver  from  the  requirements  of  the  road. 


y^VT  clutch 
!  (If  req*d.) 

Standard  reor 
Continuously-  oxle  assembly- 
variable  y 

transmission  / 


pockoge-' 

Fig.  1,  Basic  Configuration  of  a  Fly¬ 


wheel  Transmission  Drive  System. 

The  concept  of  isolation  of  the 
prime  mover  from  the  road  is  one  of  the 
attractive  features  of  a  flywheel  drive. 
Because  of  this  isolation,  it  is  for  the 
purposes  of  this  paper  possible  to  con¬ 
sider  only  a  f 1 ywhee 1 -t ransmi ss i on  auto¬ 
mob  i  I  e . 

The  first  aspect  to  be  considered  is 
the  requirements  of  a  transmission  be¬ 
tween  the  flywheel  package  and  the  drive 
wheels  of  the  vehicle.  There  have,  in  the 
past,  been  many  toys  constructed  which  are 
flywheel  driven.  However,  the  one  impor¬ 
tant  feature  that  seems  to  be  missing 
from  all  of  these  toys  is  a  method  of 
control.  When  a  man  drives  an  automobile, 
he  wishes  the  automobile  to  respond  to  his 
commands  or  controls.  When  he  wants  to 
accelerate,  he  desires  more  torque  to 
come  from  the  drive  system  to  the  wheels. 
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in  place  of  the 
in  conventional 


If  he  wants  to  slow  down,  he  desires  to 
have  negative  torque  provided  to  the 
wheels  of  the  automobile.  With  a  flywheel 
as  the  main  energy  source  in  an  automo¬ 
bile,  it  is  therefore  necessary  for  the 
transmission  to  provide  the  control  as- 
pects  to  the  automobile 
engine  throttle  as  used 
cars.  In  addition,  the  transmission  must 
provide  any  speed  ratio  required  to  con¬ 
tinuously  match  the  vehicle  and  flywheel 
speeds.  Thus,  the  characteristics  neces¬ 
sary  for  a  transmission  are  the  following: 

(1)  the  transmission  must  be  continu¬ 
ously  variable, 

(2)  the  transmission  must  be  torque 
control lable , 

(3)  the  transmission  must  be  bi-late¬ 
ral;  that  is  be  capable  of  torque 
transmission  from  the  flywheel  to 
the  wheels  or  from  the  wheels  back 
i nto  the  flywheel , 


On  top  of  these  fundamental  require¬ 
ments,  there  is  the  general  overall  objec¬ 
tive  of  the  program,  fuel  economy,  that 
dictates  high  efficiency  of  drive.  This 
last  point  must  be  emphasized  because  if 
a  transmission  does  not  have  the  proper 
efficiency  characteristics  for  a  flywheel 
drive,  then  it  makes  the  concept  of  a 
flywheel  drive  non-competitive  with  con¬ 
ventional  drive  systems.  That  is,  even 
though  in  a  conventional  automobile  the 
engine  is  asked  to  operate  most  of  the 
time  at  areas  of  low  efficiency,  it  may 
still  be  better  than  a  concept  in  which 
the  engine  operates  at  best  efficiency 
but  the  f 1 ywheel -cont i nuousl y  variable 
transmission  system  has  consistently  high 
friction  losses.^  ^  ^ 

In  order  to  study  this  problem,  how¬ 
ever,  it  is  necessary  to  understand  the 
manner  in  which  an  automobile  is  typically 
driven.  in  the  United  States,  automobiles 
are  assessed  according  to  standard  govern¬ 
ment  cycles.  These  driving  cycles  are 
standardized  and  designed  to  represent 
average  characteristics  of  people^s  beha¬ 
vior  while  driving  their  personal  automo¬ 
biles.  Because  of  the  existence  of  these 
standard  driving  cycles,  the  problem  of 
designing  a  drive  system  is  somewhat  sim¬ 
plified.  A  fixed  cycle  implies  that  the 
driveshaft  torque  and  speed  are  completely 
defined  for  the  vehicle.  This  means  that 
the  transmission  can  be  viewed  as  a  de¬ 
vice  which  supplies  the  required  drive- 
shaft  torque  and  speed  over  this  driving 
cycle  with  the  main  design  objective  of 
efficiency. 


Having  defined  somewhat  the  require¬ 
ments  of  a  flywheel  drive  transmission 
system,  the  next  aspect  to  be  considered 
is  the  techniques  for  Implementation  for 
such  a  drive.  Four  concepts  appear  attrac¬ 
tive  for  this  application: 

(1 )  electric  drive, 

(2)  hydraul i c  drive, 

(3)  traction  drive, 

(4)  clutch  or  torque  converter  drive. 

All  four  types  of  transmissions  have 
been  studied  and  evaluated  at  the  Univer¬ 
sity  of  Wisconsin.  In  addition,  we  have 
constructed  an  experimental  flywheel  hy¬ 
brid  automobile  with  an  internal  combus¬ 
tion  engine,  flywheel,  and  hydromechanical 
continuously  variable  transmission.  Figure 
2  shows  the  configuration  of  this  vehicle. 


the  Pinto  Chassis. 

CHARACTERISTICS  OF  CONTINUOUSLY 
VARIABLE  TRANSMISSIONS 

We  have  outlined  above  the  basic  re¬ 
quirements  of  a  transmission  for  flywheel 
drive  vehicles.  It  has  been  shown  by  past 
research  that  the  flywheel  drive  concept 
is  most  applicable  to  stop-and-go,  or  city 
driving  conditions.  Thus,  most  of  the  dis¬ 
cussion  will  be  centered  around  the  EPA- 
CVS  city  driving  cycle  as  defined  by  the 
U.S.  government. 

A  plot  of  the  city  driving  cycle  is 
shown  in  Fig.  3»  The  driveshaft  torque 
and  driveshaft  speed  requirements  for  this 
cycle  for  a  1361  kg  (3000  lb)  standard 
vehicle  are  shown  In  the  lower  section  of 
Table  1.  The  percentage  of  time  spent  at 
various  speeds  and  torques  is  given  by 
this  table.  The  majority  of  the  time, 
relatively  low  torque  and  medium  speeds 
are  required  for  city  driving.  It  should 
be  further  noted  that  a  good  percentage  of 
the  time,  approximately  15^,  is  spent  in 
the  idle  mode,  e.g.,  at  stop  signs  waiting 
for  traffic  before  one  can  proceed.  By 
viewing  the  torque-speed  requirements,  one 
is  able  to  immediately  deduce  areas  of  re¬ 
quired  good  drivetrain  efficiency. 
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Ffg.  3. 


Recorder  Traces  of  a  Flywheel  Vehicle  Simulation  over  the  EPA-CVS  City 
Driving  Cycle. 


Table  1. 


Digital  Simulation  of  a  3000  lb  Hybrid  Car  -  ERA  Driving  Cycle  8/22/76  (upper 
table  -  highway  cycle;  lower  table  ^  city  cycle). 
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Summarizing  the  data  of  Table  1,  one 
can  say  that  the  flywheel  transmission 
system  must  have: 

(1)  low  or  zero  idling  spin  loss, 

(2)  good  efficiency  at  low  torque^ low 
speed  conditions, 

(3)  good  efficiency  at  low  torque^ 
medium  speed  conditions. 

However,  the  speed  of  the  flywheel  con^ 
nected  to  the  input  shaft  of  the  continue 
ously  variable  transmission  is  not  fixed, 
but  will  vary  as  energy  is  taken  our  and 
put  back  in.  The  transmission  must  there¬ 
fore  have  good  efficiency  over  a  range  of 
ratios  while  operating  at  any  given  drive- 
shaft  torque-speed  condition.  The  re¬ 
quired  overall  range  of  transmission 
ratios  has  been  found  by  extensive  studies 
in  the  past^  ^  ^  ®  to  be  a  minimum  of 
12  to  1.  While  good  efficiency  is  not  re¬ 
quired  over  the  entire  range,  it  is  re¬ 
quired  over  a  range  of  about  9  or  10  to  1. 
If  this  concept  i s  to  be  used  on  the  high¬ 
way,  it  is  further  necessary  for  the  con¬ 
tinuously  variable  transmission  to  have 
low  losses  at  high  speeds  and  low  torque 
(see  the  upper  section  of  Table  1,  which 
applies  to  the  EPA  highway  cycle). 

It  may  be  instructive  to  consider  the 
meaning  of  efficiencies  at  the  various 
driveshaft  torques  and  speeds  over  a  dri¬ 
ving  cycle  at  this  time.  The  comparison 
should  be  made  between  a  standard  trans¬ 
mission  vehicle  and  the  proposed  flywheel- 
continuously  variable  transmission  system. 
If  we  look  at  a  certain  driveshaft  torque 
and  speed  requirement,  we  may  find  that 
the  standard  vehicle  has  a  transmission 
efficiency  of  about  35%  between  the  en¬ 
gine  and  driveshaft,  but  Its  engine  is  not 
operating  at  its  best  efficiency  (at 
cruise  the  fuel  efficiency  is  about  55% 
of  the  best).  We  could  then  say  that  the 
engine-transmission  system  is  operating 
at  52%  of  its  potential  maximum  efficiency 
{55%  X  .95  =  52%),  If  we  consider  a  fly¬ 
wheel  -continuously  variable  transmission 
at  the  same  driveshaft  torque  and  speed, 
we  see  that  the  engine  can  be  run  at  es¬ 
sentially  its  best  efficiency  (with  an 
on-off  system)  so  that  the  net  loss  is 
attributed  to  the  flywheel  system  and  the 
continuously  variable  transmission-  How¬ 
ever,  in  the  flywheel  system,  because  the 
flywheel  speed  is  varied  over  a  range  of 
approximately  2  to  1 ,  the  continuously 
variable  ratio  transmission  at  this  parti¬ 
cular  point  must  also  vary  over  a  range  of 
2  to  1 .  Some  suitable  average  ratio  or 
average  loss  must  be  used  to  compare  with 
the  standard  vehicle.  If  the  engine- 


transmission  system  is  transmitting  5  hp 
with  a  1  hp  average  flywheel  loss  and  a 
3  hp  average  transmission  loss,  it  is  ope¬ 
rating  at  5^%  of  its  potential  maximum 
efficiency  (5/9  =  0.56),  just  slightly 
better  than  the  conventional  vehicle. 

By  studying  Table  1,  it  is  also  clear 
that  there  is  an  appreciable  amount  of 
energy  that  can  be  recovered  in  the  city 
cycle  by  regenerative  braking  if  the  trans¬ 
mission  is  efficient  in  the  deceleration 
mode.  It  should  also  be  apparent  that 
driving  the  vehicle  in  the  city  requires, 
on  the  average,  quite  low  driveshaft 
torque  (seldom  more  than  20^  of  the  maxi¬ 
mum  available)  and  relatively  low  drive-  ‘ 
shaft  speed  (seldom  more  than  30^  of  maxi¬ 
mum).  Thus  it  is  seen  that  the  trans¬ 
mission  should  have  best  efficiency  at 
these  low  load  conditions.  Further,  the 
magnitude  of  the  spin  loss  when  the  car  is 
motionless  is  extremely  important,  since 
this  represents  almost  15^  of  the  time. 
Because  of  this,  the  transmission  flywheel 
system  should  be  designed  so  that  the 
transmission  becomes  entirely  stationary, 
or  decoupled  by  a  clutch,  when  the  vehicle 
comes  to  a  stop. 

The  four  transmission  concepts  inves¬ 
tigated  have  been  "optimized’'  for  city 
driving  with  the  summarized  losses  over 
the  city  cycle  given  in  Tables  2,  3, 
and  5*  The  results  are  based  on  optimiza¬ 
tion  studies  in  which  each  transmission 
concept  was  investigated  to  obtain  the 
best  gear  ratios,  component  sizes,  and 
other  system  parameters  and  operating  pro¬ 
cedures  to  take  advantage  of  the  charac¬ 
teristics  of  the  components  over  the  city 
driving  cycle.  The  energy  analyses  have 
been  based  on  component  data  as  supplied 
to  us  from  various  component  manufacturers. 
For  example,  for  the  hydraulic  transmis¬ 
sion,  the  configuration  was  a  power-split 
as  shown  in  Fig.  4,  in  which  the  various 
ratios  between  the  hydraulic  components 
and  the  gear  differential  system  were 
selected  to  give  maximum  fuel  economy  over 
the  city  cycle. 

The  University  of  Wisconsin  experi¬ 
mental  flywheel  vehicle,  also  based  on  the 
configuration  of  Fig.  4,  is  currently 
demonstrating  only  a  modest  improvement  in 
fuel  economy.  This  is  due  to  excessive 
spin  losses  in  the  clutches,  higher  than 
planned  losses  in  the  hydrostatic  compo¬ 
nents,  and  a  non-optimum  transmission  de¬ 
sign  in  terms  of  gear  ratios,  etc.  Data 
from  the  experimental  vehicle  were 
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Table  3t  (Cont'd) 


advantageously  used  in  the  study  of  the 
advanced  hydrostatic  power^split  design, 
as  well  as  the  other  systems  studied. 


Table  2.  CVT  Parameters  and  Simulation 
Results  --  Flywheel  Hybrid  Car 
with  Advanced  Hydrostatic  Power-^ 
Split  CVT 


Pump:  bent  axis,  variable  displacement, 
2,0  In^/rev  max  displacement 

Motor;  bent  axis,  fixed  displacement, 

2.0  in^/rev 

Ratios  of  4-speed  gearbox  (in  front  of 
basic  CVT):  0.237,  0.382,  0.611,  1.00 

Rear  axle  ratio:  2.364/1 

Speed  ratio,  pump/CVT  main  shaft: 

0.6537/1 


Speed  ratio,  motor/differential  input: 

2.116/1 

CVT  ratio  range  (theoretical)  excluding 
gearbox:  1.894/1 

Max  speed  of  flywheel  package  output 
shaft:  4000  rpm 


Energy  generated  by  engine  = 
Energy  recovered  in  regene¬ 
rative  braking  = 

Energy  left  in  flywheel  = 
Road  load  energy  = 

Energy  lost  in  non-regene- 
rat  ive  braking  = 

Energy  lost  in  CVT  = 

Energy  used  by  hydrostatic 
charge  pump  = 

Energy  lost  In  transmission 
gears  = 

Energy  lost  In  rear  axle  = 
Energy  lost  in  clutching  = 
Flywheel  package  and  clutch 
spin  loss  energy  = 

Energy  lost  in  flywheel 
gears  = 

Energy  lost  to  engine, 
inertia  = 


9729  hp^sec 

1666  hp-sec 
1413  hp-sec 
3685  hp-sec 

443  hp-sec 
1255  hp-sec 

320  hp-sec 

573  hp-sec 
530  hp-sec 
280  hp-sec 

953  hp-sec 

177  hp-sec 

198  hp-sec 


Corrected  fuel  consumption  =  41,8  mpg 


Table  3*  CVT  Parameters  and  Simulation 
Results  --  Flywheel  Hybrid  Car 
with  Electric  Drive  CVT 

Electric  drive:  for  100  hp  engine 

Ratios  of  4-speed  gearbox  (in  front  of 
basic  CVT):  .274,  .5O8,  .730,  1.00 

Overall  rear  axle  ratio;  3.27/1 

CVT  ratio:  1/2.5 


Maximum  speed  of  flywheel  package  output 
shaft:  4000  rpm 


Energy  generated  by  engine  = 
Energy  recovered  in  regene¬ 
rative  braking  = 

Energy  left  in  flywheel  = 
Road  load  energy  = 

Energy  lost  in  non-regene- 
ratlve  braking  = 

Energy  lost  In  CVT  = 

Energy  lost  in  transmission 
gears  = 

Energy  lost  in  rear  axle  = 
Energy  lost  In  clutching  = 
Flywheel  package  and  clutch 
spin  loss  energy  = 

Energy  lost  in  flywheel 
gears  = 

Energy  lost  to  engine 
Inertia  = 


10160  hp-sec 

1552  hp-sec 
598  hp-sec 
3709  hp-sec 

208  hp-sec 
3208  hp-sec 

571  hp-sec 
556  hp-sec 
84  hp-sec 

909  hp-sec 

1 88  hp-sec 

198  hp-sec 


Corrected  fuel  consumption  =  36.5  nipg 


Table  4.  CVT  Parameters  and  Simulation 
Results  --  Flywheel  Hybrid  Car 
with  Toroidal  Drive  CVT 


Toroidal  drive:  100  hp  nominal  rating 

Ratios  of  4-speed  gearbox  (in  front  of 
basic  CVT):  0.237,  0.382,  O.6II,  1.00 

Overall  rear  axle  ratio  (toroidal  reduc¬ 
tion  X  differential  ratio):  3.3/1 

CVT  ratios  used  (excluding  gearbox):  in 
first  gear  0.5  to  2.5;  in  second,  third 
and  fourth  gears  1.0  to  2.5 

Maximum  speed  of  flywheel  package  output 
shaft ;  4000  rpm 


Energy  generated  by  engine  = 
Energy  recovered  in  regene¬ 
rative  braking  = 

Energy  left  in  flywheel  = 
Road  load  energy  = 

Energy  lost  in  non-regene- 
rative  braking  = 

Energy  lost  in  CVT  = 

Energy  lost  in  transmission 
gears  = 

Energy  lost  in  rear  axle  = 
Energy  lost  in  clutching  = 
Flywheel  package  and  clutch 
spin  loss  energy  = 

Energy  lost  In  flywheel 
gears  = 

Energy  lost  to  engine 
inertia  = 


10092  hp-sec 

1 746  hp-sec 
1408  hp-sec 
3713  hp-sec 

133  hp-sec 
2135  hp-sec 

724  hp-sec 
547  hp-sec 
133  hp-sec 

957  hp-sec 

182  hp-sec 

198  hp-sec 


Corrected  fuel  consumption  =  40.3  mpg 


43 


Table  5.  CVT  Parameters  and  Simulation 
Results  Flywheel  Hybrid  Car 
with  Slipping  Clutch  CVT 


Ratios  of  S^'speed  gearbox;  .184,  .303, 
.452,  .611,  1.00 

Ratios  of  2-speed  gearbox:  .85,  1,00 

Overall  gear  ratios;  ,128,  .152,  .212, 
.250,  .316,  .372,  .438,  .503,  .700, 
.824 


Rear  axle  ratio;  3.27/1 


Top  speed  (with  flywheel  package  output 
speed  of  4500  rpm) ;  80  mph 

Minimum  speed  (in  low  gear  with  no  clutch 
slip 

(a)  flywheel  package  output  speed  of 
4500  rpm;  12.4  mph 

(b)  flywheel  package  output  speed  of 
1500  rpm:  4.1  mph 

Maximum  speed  of  flywheel  package  output 
shaft  for  EPA-CVS  run:  4000  rpm 


Energy  generated  by  engine  =  8750 

Energy  recovered  in  regene¬ 
rative  braking  =  2013 

Energy  left  in  flywheel  =  704 

Road  load  energy  =  3631 

Energy  lost  in  non-regene- 

rative  braking  =  271 

Energy  lost  in  transmission 

gears  =  560 

Energy  lost  in  rear  axle  ==  536 

Energy  lost  in  clutching  =  1781 

Flywheel  package  and  clutch 

spin  loss  energy  =  948 

Energy  lost  in  flywheel 

gears  =  188 

Energy  lost  to  engine 

inertia  173 

Corrected  fuel  consumption  =  42  mpg 


hp-sec 

hp-sec 

hp-sec 

hp-sec 

hp-sec 

hp-sec 

hp-sec 

hp-sec 

hp-sec 

hp-sec 

hp-sec 


The  electric  transmission  system  in¬ 
vestigated  was  an  electric  power-split, 
very  similar  to  that  of  the  hydraulic 
system.  Characteristics  of  electrical 
machines  were  compared  with  hydraulic  com¬ 
ponent  characteristics  and  it  was  found 
that  while  the  peak  efficiencies  of  the 
electrical  motors  and  generators  can  be 
as  good  as  those  of  the  hydraulic  counter¬ 
parts,  the  overall  average  efficiency, 
especially  for  part  load  operation,  is 
not  as  good.  As  pointed  out,  for  city 
driving,  the  part  load  efficiency  is 
crucial . 

Another  concept  which  appears  pro¬ 
mising  is  traction  drive,  with  either  a 
rubber  or  steel  belt  system,  or  a  steel- 
on-steel  toroidal  drive  system,  as  illus¬ 
trated  in  Fig.  5*  The  efficiency  charac¬ 
teristics  of  these  devices  are  somewhat 
difficult  to  obtain  from  manufacturers 
because  they  do  not  normally  design  them 
for  automotive  drive  systems.  With  data 
supplied  to  us  from  a  toroidal  drive 
manufacturer,  the  simulated  results  of 
Table  4  were  generated.  The  optimized 
arrangement  required  a  2-speed  gearbox 
ahead  of  the  drive  system. 


Output 

=5^ 


-  Fig.  4.  Schematic  of  Power-Split  Hydro 
static  Transmission  Used  for 
Vehicle  Simulations. 


Fig.  5(a).  Various  Traction  Drive  CVT 
Concepts . 


Toroidal 

Drive 


Fig.  5(b).  Schematic  of  Traction  Drive 
CVT  Used  for  Vehicle  Simula¬ 
tions  . 

The  fourth  transmission  system  may  be 
termed  a  slipping  clutch  system  (Fig.  6). 
An  attempt  was  made  to  design  a  trans¬ 
mission  in  which  most  of  the  energy  is 
carried  via  a  gearbox  since  gear  losses 
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are  generally  less  than  for  other  drive 
schemes.  The  number  of  speeds  selected 
for  this  concept  was  10-speeds  forward. 
Then  to  obtain  intermediate  speed  ratios, 
a  clutch  would  be  slipped.  If  there  were 
15^  maximum  difference  between  the  gear¬ 
box  speeds,  then  if  the  clutch  slippage 
were  the  only  CVT  energy  loss,  in  the 
worst  case  the  transmission  should  be  85^ 
efficient.  And  further,  on  the  average, 
the  efficiency  should  be  much  better  than 
Implementation  of  this  concept  is 
extremely  simple  with  a  multi -disc  clutch, 
as  in  standard  automatic  transmissions. 

A  disadvantage  of  this  concept  is  the  high 
frequency  of  required  gear  shifts.  How^ 
ever,  because  of  the  slipping  clutch 
nature,  this  may  be  a  relatively  small 
factor  since: 

(1)  the  driver  does  not  know  whether 
or  not  a  transmission  shift  has 
occurred,  and 

(2)  the  configuration  shown  in  Fig.  6 
allows  the  transmission  shift  to 
occur  without  hesitation. 

The  results  of  an  "optimized'*  version  of 
this  transmission  are  shown  in  Table  5. 


2- Speed  box 
with  Clutches 


Fig.  6.  A  CVT  Consisting  of  a  10-Speed 
Gear  Transmission  with  Slipping 
Clutches. 

It  should  be  noted  that  the  resultant 
fuel  consumption  of  three  of  the  concepts, 
after  the  optimization  exercise,  is  ap¬ 
proximately  the  same,  about  17  kilometers 
per  liter  (40-42  mpg).  This  can  be  com¬ 
pared  with  the  standard  production  vehi¬ 
cle  which  obtains  about  10  kilometers  per 
liter  (24  mpg).  The  electric  transmission 
is  somewhat  poorer  because  of  the  narrow 
efficiency  range.  Comparisons  of  these 
tables  should  be  made  to  see  the  diffe¬ 
rences  where  the  various  energies  are 
lost.  For  example,  the  slipping  clutch 
t ranstii^i  ssi on  lost  1781  hp-sec  in  the 
clutches  themselves,  while  the  toroidal 
traction  drive  system  lost  2135  hp-sec  in 
the  CVT.  Thus,  the  traction  drive  loss 
was  approximately  equivalent  to  the  slip¬ 
ping  clutch.  All  items  within  an  operating 
vehicle  haye  been  mpde led  based  on  our  ex¬ 
perience  with  the  constructed  flywheel  ve¬ 
hicle,  with  losses  for  the  flywheel  system 


as  measured  and  road  load  compared  with 
realistic  road  test  data. 

SUMMARY  AND  CONCLUSIONS 

While  the  flywheel  drive  concept  has 
the  potential  of  dramatically  improving 
the  fuel  efficiency  of  prime  movers  in 
automobiles,  it  must  be  implemented  with 
due  regard  to  the  requirements  of  automo¬ 
tive  drive.  Our  studies  show  that  auto¬ 
motive  drives  do  not  require  good  effi¬ 
ciency  in  high  power  areas.  Efficiency 
of  automotive  drives  is  most  important  in 
two  main  areas  (referred  to  the  drive- 
shaft)  --  the  low  speed-low  torque  area 
for  city  driving,  and  the  low  torque-high 
speed  area  for  cruising  on  highways.  If 
a  flywheel  transmission  system  can  be  de¬ 
signed  to  operate  efficiently  in  these  two 
areas  and  to  have  very  low  idle  losses, 
substantial  fuel  economy  gain  can  be  made 
with  a  flywheel  drive  system.  It  is 
anticipated  that  a  1300  kg  (3000  lb) 
vehicle  should  be  able  to  have  its  fuel 
consumption  reduced  by  one-half  with  a 
properly  developed  flywheel  drive  trans¬ 
mission  and  the  current  prime  movers. 

Such  improvements  will  be  obtained  only 
with  continued  component  and  system  re¬ 
search  and  development,  however.  It 
should  be  pointed  out,  in  addition,  that 
the  vehicle  performance  can  be  greatly  im¬ 
proved  with  respect  to  acceleration  (0-100 
km/hr  in  about  6-8  seconds).  Advanced 
prime  movers,  such  as  a  Stirling  engine 
or  a  gas  turbine,  might  improve  this  fuel 
consumption  characteristic  even  further. 

One  of  the  most  advantageous  features 
of  a  flywheel  drive  transmission  system  is 
that  the  problem  of  part  load  efficiency 
of  the  engine  is  translated  to  a  transmis¬ 
sion  problem.  That  is,  the  engine  or 
prime  mover  can  be  asked  to  operate  in  an 
on-off  mode,  i.e.,  only  to  operate  when 
the  flywheel  is  low  on  charge.  This  con¬ 
cept  allows  the  prime  mover  designers  much 
greater  flexibility  in  the  design  of  their 
equipment.  For  example,  to  be  able  to 
control  the  power  or  torque  out  of  the  en¬ 
gine  in  a  smooth  and  immediately  respon¬ 
sive  fashion  is  one  of  the  main  problems 
of  the  Stirling  and  gas  turbine  engines. 
With  a  flywheel  transmission  system  at¬ 
tached  to  such  an  engine,  it  would  be  re¬ 
quired  to  operate  only  at  full  power.  In 
addition  to  solving  the  problem  of  prime 
mover  part  load  operation,  the  flywheel 
acts  as  a  constant  load  absorber  to  the 
prime  mover  and  as  a  starter  for  the  prime 
mover . 
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While  high  efficiency  is  not  required 
for  all  conditions  of  torque  and  speed  of 
the  driveshaft,  it  is  required  in  certain 
select  areas  as  pointed  out  by  this  paper. 
We  are  talking  in  terms  of  about  95^  effi¬ 
ciency  in  the  areas  discussed,  dropping 
off  to  perhaps  as  low  as  80^  efficiency  in 
the  high  power’-high  torque  regions.  These 
requirements  pose  a  severe  requirement 
for  the  transmission  designer,  since  it  is 
generally  quite  difficult  to  obtain  very 
high  efficiency  at  low  load  conditions. 

Studies  by  ourselves  and  others^^ 
show  that  even  though  substantial  fuel 
savings  are  possible  on  medium  sized  auto¬ 
mobiles,  greater  gains  are  possible  for 
larger  classes  of  vehicles.  Further,  a 
flywheel  system  tends  to  equalize  the 
fuel  efficiency  of  all  vehicles,  I.e., 
heavier  vehicles  will  have  lower  fuel 
penalties  with  the  same  performance. 
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FLYWHEEL  ENERGY  STORAGE  SYSTEM  DEVELOPMENT 


E.L.  Lustenader 
General  Electric  Company 
1  River  Road 

Schenectady,  N.Y.  12345 


ABSTRACT 

The  development  of  low  cost,  high  efficiency  drives  is  critical  for  the  applica¬ 
tion  of  flywheels  to  electric  propulsion  systems.  A  synchronous  machine  drive  appears 
to  be  particularly  suited  for  this  application.  One  reason  is  that  a  synchronous 
machine  can  be  made  self  commutating  so  that  the  inverter  becomes  equivalent  to  a 
conventional  phase  control  bridge  converter  without  large  commutating  components. 

General  Electric  has  been  evaluating  a  variety  of  drive  systems  for  flywheel 
application.  After  numerous  tradeoff  studies,  a  solid  rotor  inductor  machine  with  a 
load  commutated  inverter  was  selected  for  hardware  development. 

This  paper  describes  a  development  of  a  small  flywheel  energy  storage  system  of 
this  type.  The  development  is  sponsored  by  the  Energy  Conservation  Division  of  ERDA. 
The  system  consists  of  a  1  Kwh  composite  flywheel  coupled  directly  to  a  20  Kva, 

15,000  rpm  maximum  solid  rotor  inductor  motor/alternator  unit.  The  motor/alternator/ 
flywheel  package  is  hermetically  sealed,  and  receives  power  from  a  solid  state 
inverter  which  is  designed  to  provide  the  necessary  frequency  control  from  a  fixed  DC 
power  source,  such  as  a  battery.  The  flywheel  speed  varies  over  a  two-to-one  range, 
thus  full  performance  is  achieved  using  a  load  commutated  inverter.  A  simple 
auxiliary  commutating  circuit  is  provided  for  initial  starting  of  the  inductor  machine 

The  energy  storage  package  under  development  is  primarily  aimed  at  small  trans¬ 
portation  applications;  specifically  a  hybrid  flywheel/battery  electric  vehicle  in  the 
3000  pound  weight  class. 

A  battery /flywheel  propulsion  and  control  system  is  described.  The  same  techno- 
l^ogy  and  basic  propulsion  concept  can  be  scaled  up  to  provide  stored  energy  require¬ 
ments  for  other  applications  such  as  an  all-flywheel  bus  or  a  flywheel/battery  bus. 


INTRODUCTION 

The  use  of  flywheels  to  store 
energy  has  received  renewed  interest 
over  the  past  few  years.  This  is  prima¬ 
rily  due  to  the  availability  of  new 
materials,  both  composites  and  steel, 
which  promise  high  energy  storage  per 
pound  for  the  flywheel  rotor.  The  ap¬ 
plications  that  have  been  proposed  range 
from  utility  load  leveling  to  both 
regenerative  energy  storage  and  total 
energy  storage  for  ground  transportation. 
For  many  of  these  applications,  the 
system  requires  that  electrical  energy 
first  be  converted  to  mechanical  energy, 
stored  in  the  flywheel  with  minimum 
losses,  and  then  reconverted  upon  demand 
back  to  electrical  energy. 


The  development  which  is  described 
here  has  been  sponsored  by  ERDA*s 
Division  of  Energy  Storage  Systems.  The 
overall  objective  of  this  ERDA  program 
has  been  to  demonstrate  new  technology 
associated  with  a  novel  concept  of  a  high 
speed  flywheel  energy  storage  system. 

This  concept  consists  of  a  high  speed 
composite  flywheel  directly  coupled  to  a 
synchronous  motor/altemator. 

The  energy  storage  package  which  is 
under  development  has  been  primarily 
aimed  at  a  small  transportation  applica¬ 
tion,  specifically  a  hybrid  flywheel/bat¬ 
tery  electric  vehicle  which  would  weigh 
about  3000  pounds.  However,  the  same 
technology  and  basic  concept  can  be 
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scaled  up  to  meet  larger  stored  energy 
requirements  for  other  applications  such 
as  an  all-flywheel  powered  bus  or  a  fly¬ 
wheel/battery  hybrid  bus. 

There  are  several  transportation  ap¬ 
plications  where  flywheel  energy  storage 
appears  attractive.  One  is  a  flywheel/ 
battery  hybrid  vehicle  in  which  the 
battery  pack  provides  the  main  propulsion 
energy  and  a  small  flywheel  is  used  to 
recover  braking  energy  of  the  vehicle. 

In  this  application,  the  flywheel  load 
levels  the  battery  and  removes  the  peak 
current  drains  from  the  battery  which 
would  occur  during  vehicle  acceleration. 

Another  application  is  the  all  fly¬ 
wheel  powered  vehicle  where  the  flywheel 
provides  the  main  propulsion  energy  and 
contains  sufficient  stored  energy  to  pro¬ 
vide  the  desired  vehicle  range.  It  also 
recovers  the  braking  energy  and  reuses 
this  during  vehicle  acceleration. 

Flywheels  can  also  be  used  in  combin¬ 
ation  with  diesel  or  internal  combustion 
engines  to  load  level  and  recover  braking 
energy. 


FLYWHEEL  DRIVE 


and  the  solid  rotor  could  contribute  to 
the  inertia. 


The  basic  concept  finally  selected 
for  development  consisted  of  the  flywheel 
package  operating  from  a  DC  power  source 
as  shown  in  Figure  1.  The  main  compon¬ 
ents  are  the  inductor,  motor/alternator 
which  is  a  synchronous  machine  with  DC 
field  control,  and  a  composite  flywheel 
which  provides  inertia  over  and  above 
the  inertia  of  the  steel  inductor  motor 
rotor.  The  motor/alternator/flywheel 
package  is  coul)led  electrically  to  a 
load  commutated  inverter  which  allows 
power  to  pass  in  either  direction,  to  or 
from  the  DC  power  source. 


Sealed  Housing 


Figure  1.  Basic  Concept  of  the  Inductor 
Motor/Alternator /Flywheel  Package . 


BATTERY/FLYWHEEL  HYBRID 
PROPULSION  SYSTEM 


In  the  process  of  developing  a  com¬ 
plete  flywheel  energy  storage  system, 
various  flywheel  drive  motors  were  consid¬ 
ered  ranging  from  DC  to  various  forms  of 
AC.  The  AC  flywheel  drive  appeared  to 
have  several  advantages  over  DC.  Higher 
rotational  speeds  can  be  obtained  which 
reduce  the  weight  of  the  drive  machine  and 
allow  a  more  optimijm  aspect  ratio  of  the 
flywheel  to  be  utilized.  By  combining  the 
flywheel  and  a  high  speed  motor  into  a 
single  unit  and  hermetically  sealing  the 
rotating  assembly,  rotating  seals  and 
gears  are  eliminated.  A  disadvantage  in 
comparison  to  DC  is  that  more  solid  state 
power  conditioning  equipment  is  required 
to  interface  the  flywheel  drive  with  the 
power  source. 

After  many  tradeoff  studies,  a  syn¬ 
chronous  motor  appeared  to  be  the  best 
choice  for  flywheel  drive.  One  of  the 
reasons  is  that  a  synchronous  motor  can 
be  made  self  commutating  so  that  the  in¬ 
verter  becomes  equivalent  to  a  convention¬ 
al  phase  controlled  bridge  converter  with¬ 
out  large  commutating  components.  A  solid 
rotor  inductor  type  synchronous  machine 
appeared  to  be  ideal  for  the  application 
since  all  windings  would  be  in  the  stator 


The  application  of  this  type  of 
energy  storage  package  to  a  hybrid  pro¬ 
pulsion  system  is  shown  schematically  in 
Figure  2. 


The  main  components  are  the  traction 
battery  package,  the  DC  traction  motor/ 
generator,  and  the  flywheel  energy  stor¬ 
age  package  (the  synchronous  motor/alter¬ 
nator/flywheel  with  its  load  commutated 
inverter) .  The  battery  supplies  the  main 
energy  for  propulsion.  For  the  battery/ 
flywheel  hybrid  application,  the  flywheel 
need  store  only  enough  energy  to 
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accelerate  the  vehicle  or  provide  for  hill 
climbing.  When  the  vehicle  slows  down, 
the  traction  motor  operates  as  a  generator 
and  transfers  vehicle  kinetic  energy  back 
into  the  flywheel.  System  losses  are 
made  up  from  the  main  traction  battery 
package.  The  short  bursts  of  high  power 
required  for  the  vehicle  acceleration  are 
supplied  directly  from  the  flywheel. 

Thus,  the  battery  need  not  supply  the 
peak  current  demands  of  the  system. 

The  control  system  shown  senses  the 
motor  terminal  voltage  and  AC  line  current 
to  determine  the  motor  internal  operating 
conditions.  This  control  method  maintains 
the  SCR  turnoff  time  as  a  constant  percent 
of  the  period  of  the  generated  back  emf  as 
speed  and  current  are  varied  during  opera¬ 
tion.  The  inverter  turnoff  time  is  thus 
maintained  by  feedback  control  rather  than 
the  use  of  special  function  generators. 

A  20  KVA  drive  system  has  been  built 
on  the  ERDA  program  and  successfully 
tested  in  the  laboratory  using  this  con¬ 
trol  strategy.  A  hybrid  computer  simula¬ 
tion  of  the  drive  and  control  system  has 
been  implemented  for  laboratory  demonstra¬ 
tion  of  the  flywheel .energy  storage 
package . 

The  demonstration  motor /alternator/ 
flywheel  energy  storage  package  is  shown  in 
cross-section  in  Figure  3.  It  consists 
of  the  20  KVA  solid  rotor  induction  type 
synchronous  motor/alternator  coupled 
directly  to  a  multi-disk  composite  fly¬ 
wheel.  The  entire  rotor  assembly  is 
hermetically  sealed  and  operates  in  an 
atmosphere  of  hydrogen  at  5  psia.  The 
flywheel  operates  over  a  2  to  1  speed 
range  (1/2  to  full  speed)  during  its 
normal  operation  as  an  energy  source  or 
sink.  The  synchronous  motor  back  emf  is 
sufficient  to  provide  for  load  commutation 
of  the  inverter  thyristors. 


Figure  3.  20  KVA  Inductor  Motor/ 

Alternator /F lywhee 1 , 


INDUCTOR  MOTOR/ALTERNATOR  DESIGN 

The  function  of  the  synchronous 
flywheel  drive  motor  can  best  be 
explained  by  means  of  Figure  4.  The 
cross-section  shows  a  DC  field  coil 
between  two  stacks  of  stator  laminations. 
A  DC  current  in  the  field  coil  drives  a 
magnetic  flux  as  indicated  through  one 
stack  of  stator  laminations,  radially 
into  the  rotor,  axially  through  the 
rotor,  and  radially  out  of  the  rotor 
through  the  second  stack  of  stator 
laminations  and  the  frame  to  close  the 
loop.  Large  magnetic  slots  in  the  rotor 
interrupt  the  flux  in  the  air  gap  and 
cause  the  flux  through  the  AC  windings  to 
pulsate.  This,  in  turn,  generates  an  AC 
voltage  in  these  windings.  The  windings 
are  located  in  slots  in  the  laminated 
stator  stacks  close  to  the  air  gap.  In 
order  to  make  the  induced  voltage  add  in 
both  stator  stacks,  the  magnetic  rotor 
slots  are  offset  by  one-half  mechanical 
pole  pitch.  The  20  KVA  inductor  rotor  is 
shown  in  Figure  5.  This  is  an  8-pole 


Figure  4.  Cross  Section  of  an  Inductor/ 
Alternator  (top)  and  End  View  of  an 
Tnductor/Alternator . 
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Figure  5.  Inductor  Motor/Alternator 
Rotor. 

machine.  The  four  poles  on  the  left  are 
north  poles,  the  four  poles  on  the  right 
are  offset  and  are  south  poles.  The  flux 
enters  the  north  pole,  flows  axially 
through  the  rotor  and  returns  through  the 
south  poles  to  the  stator.  Figure  6 
shows  a  view  of  the  stator  windings.  The 
lamination  stacks  with  the  central  DC 
field  coil  are  clearly  visible. 


Figure  6.  Inductor/Alternator  Stator. 


COMPOSITE  FLYWHEEL 

The  flywheel  consists  of  three  one- 
inch  thick  30"  diameter  disks.  Each 
flywheel  disk  is  a  composite  assembly 
made  of  laminated  sheets  of  glass  fibers 
and  epoxy  resin.  The  material  selected 
is  a  scotch  ply.  Each  wheel  has  a 
circumferential  wrap  approximately  1/2" 
thick  of  kevlar  ^nd  epoxy  tape.  The 
flywheel  construction  is  what  we  term 
"alpha  3"  made  by  laying  up  a  series  of 
cross  ply  layers  at  60°  intervals .  The 
"alpha"  designation  refers  to  the  number 
of  individual  layers  required  for  a  360° 


rotation.  Alpha-3  has  three  layers  at 
120°,  Alpha-5  has  five  layers  at  72°,  etc. 
The  composite  flywheel  assembly  is  shown 
in  Figure  7. 


Figure  7.  Composite  Flywheel  Assembly. 

SOLID  STATE  POWER  CONDITIONER 

The  solid  state  power  conditioning 
equipment  serves  as  an  interface  between 
the  DC  and  AC  portions  of  the  propulsion 
system.  The  power  conditioning  equipment 
must  have  a  bi-directional  power  control 
capability  as  it  must  provide  power  to 
the  synchronous  motor  during  vehicle 
braking  and  extract  power  from  the  in¬ 
ductor  alternator  during  vehicle  accelera¬ 
tion.  This  two-way  power  control  need 
exist  over  the  speed  range  which  the 
inductor  motor  must  operate  at  rated 
power,  in  this  case  a  2  to  1  speed  range. 
The  synchronous  motor  back  emf  is 
sufficient  to  provide  for  load  commutation 
of  the  inverter  thyristers.  A  starting 
resister  is  provided  to  limit  the 
voltage  applied  to  the  synchronous  motor 
during  start  up.  A  by-pass  contactor 
removes  the  starting  resistor  from  the 
circuit  during  normal  operation  of  the 
system. 

The  load  commutated  inverter/ 
rectifier  consists  of  two  three-phase 
thyrister  bridges  connected  in  inverse 
parallel  so  as  to  provide  two-way  power 
flow  by  reversing  the  direction  of  the 
DC  current.  The  feedback  processing 
circuit  senses  the  three-phase  AC 
current  and  voltage  and  supplies  feedback 
signals  representing  motor  operating  con¬ 
ditions  such  as  current,  speed,  and  the 
phase  feedback  signal  which  synchronizes 
the  inverter  firing  to  the  motor.  The 
system  control  circuit  receives  the 
operator  commands  of  torque  required  and 
a  motor/brake  signal  in  addition  to 
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feedback  signals.  These  input  signals 
are  compared  to  the  motor  operating  con¬ 
ditions  and  appropriate  commands  are  sent 
to  the  motor  field  exciters.  In  addition, 
the  desired  inverter  frequency  is  sent  to 
the  inverter  control.  The  inverter 
control  then  creates  SCR  gating  signals  at 
the  desired  frequency. 

The  control  system  described  does 
not  use  shaft  position  sensing,  but 
senses  the  motor  terminal  voltage  and  the 
AC  line  current  to  determine  the  motor 
internal  operating  conditions.  The  cont¬ 
rol  method  maintains  the  SCR  turnoff  time 
as  a  constant  percentage  of  the  period  of 
the  generated  back  emf  as  speed  and  curreit 
are  varied  during  operation.  The  inverter 
turn  off  time  is  thus  maintained  by  feed¬ 
back  control  rather  than  the  use  of 
special  function  generators. 

BREADBOARD  POWER  CONDITIONER 

The  power  conditioner  selected  used 
12  main  SCR's.  Figure  8  is  the  schematic 
diagram.  The  circuit  was  selected  over  a 
6  SCR  circuit  because  of  the  need  to  inter¬ 
face  with  a  battery  and  the  desire  not  to 
have  to  reverse  the  field  current  in  the 
DC  traction  motor  which  would  reverse  its 
armature  voltage  polarity.  Systems  that 
are  totally  powered  by  a  flywheel  through 
an  AC  machine  and  power  converter  and 
whose  traction  motor  is  provided  with 
reversable  field  current  controller,  can 
use  a  6  SCR  power  circuit  for  two-way 
power  flow.  Another  approach  for  polarity 
reversal  is  to  provide  mechanical 
reversing  contactors  rather  than  the 
equivalent  function  with  the  additional 
SCR's. 


A  breadboard  of  the  power  condi¬ 
tioner  has  been  fabricated.  The  equipment 
shown  in  Figure  9  includes  12  main  SCR's, 
two  auxiliary  SCR's,  starting  resistor, 
contactors  and  field  current  controller. 
The  breadboard  uses  forced  air  cooled  heat 
sinks  and  weighs  124  pounds.  About  50 
pounds  of  the  total  weight  is  attributed 
to  structural  supporting  members  and  air 
ducts.  A  reduction  in  weight  can  be 
anticipated  by  using  a  6  SCR  power  circuit 
and  optimizing  the  heat  sinks  to  bring 
the  total  power  conditioner  weight  ,  to  30 
to  50  pounds.  The  power  converter  ef¬ 
ficiency  is  computed  as  being  greater  than 
90%  at  full  power. 


Figure  8.  Power  Circuit  Schematic 
Diagram. 


Figure  9.  Complete  Power  Circuit 
Breadboard 

SYSTEM  TEST  AND  EVALUATION 

The  system  is  currently  undergoing 
tests  in  the  laboratory.  Figure  10  shows 
the  test  arrangement.  A  hybrid  control¬ 
ler  composed  of  both  digital  and  analog 
control  elements  is  used  to  simulate  the 
propulsion  control.  This  controller 
provides  the  overall  system  control, 
acquires  electrical  signals  from  sensors, 
computes  intermediate  results,  accumu¬ 
lates  variables  with  respect  to  elapsed 
time,  and  stores  results  for  later 
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Figure  10.  Laboratory  Test  Arrangement. 


analysis. 

During  the  test  phase  of  the  project 
important  parameters  such  as  the  power 
conditioner  efficiency,  inductor  machine 
efficiency,  and  overall  energy  storage 
efficiency  will  be  evaluated. 

HYBRID  FLYWHEEL/BATTERY 

ELECTRIC  VEHICLE  PERFORMANCE 

General  Electric  is  currently  devel¬ 
oping  under  a  separate  contract  with 
ERDA,  a  four-passenger  all  battery  elec¬ 
tric  vehicle  which  will  weigh  approximately 
3000  pounds.  ERDA  has  elected  to  evaluate 
the  performance  of  this  vehicle  under  a 
typical  urban  driving  cycle  which'  is 
known  as  the  SAEJ-227A  Schedule  D  cycle. 
This  SAE  cycle  requires  that  the  vehicle 
accelerate  from  zero  to  45  mph  in  28 
seconds,  cruise  at  45  mph  for  50  seconds, 
coast  for  10  seconds  and  then  decelerate 
to  rest  in  9  seconds,  followed  by  a  dwell 
for  25  seconds.  This  duty  cycle  results 
in  one  stop  per  mile  with  an  average 
speed  of  approximately  38  mph.  Analysis 
has  shown  that  with  this  type  of  flywheel 
energy  recovery  system,  about  65%  of  the 
braking  energy  can  be  recovered  which  will 
have  the  effect  of  providing  about  a  22% 
improvement  in  range  for  the  J227A 
Schedule  D  Driving  Cycle.  The  range  for 
the  3000  pound  vehicle  with  two  pas¬ 
sengers  will  increase  from  39  miles  to 
approximately  49  miles.  For  the  analysis. 


vehicle  weight  was  held  constant  by  re¬ 
moving  batteries  in  the  hybrid  vehicle 
to  offset  the  additional  weight  of  the 
flywheel  propulsion  system.  Analysis  has 
shown  that  as  the  number  of  stops  per 
mile  increase,  the  greater  will  be  the 
increase  in  range  when  a  flywheel  is  used 
for  regeneration.  Calculations  have 
shown  that  with  eight  stops  per  mile  it  is 
possible  to  double  the  range  of  a  non- 
regenerative  battery  vehicle. 

Figure  11  shows  an  artist's  concept 
of  a  four-passenger  flywheel/battery 
hybrid  vehicle.  The  flywheel  energy 
storage  package  would  be  located  in  the 
front  of  the  vehicle,  ahead  of  the  DC 
traction  motor.  The  solid  state  load 
commutated  inverter  and  its  control  and 
relay  group  would  be  located  on  the  fire¬ 
wall  of  the  vehicle.  The  battery  pack, 
would  be  located  in  a  tunnel  in  the 
center  of  the  vehicle. 

General  Electric  is  also  conducting 
a  study  with  the  Urban  Mass  Transportation 
Administration  of  the  U.S.  Department  of 
Transportation  on  a  flywheel  powered 
transit  bus.  Approximately  27  different 
flywheel  &  hybrid  bus  propulsion  systems 
have  been  evaluated  in  this  study.  The 
inductor  motor  flywheel  system  with  load 
commutated  inverter  was  found  to  be 
ideally  suited  to  both  hybrid  and  all¬ 
flywheel  powered  buses.  Figure  12 
schematically  shows  the  inductor  DC 
flywheel  system  applied  to  an  all-flywheel 
powered  bus.  The. system  would  be 
charged  from  a  wayside  DC  substation  and 
the  bus  would  retain  its  proven  DC 
traction  motor  which  is  currently  used  in 
electric  trolley  buses  in  a  number  of 
cities-  The  on-board  power  conditioning 
unit  would  be  the  load  commutated  inverter. 
A  steel  flywheel  would  be  used  to  store 
the  necessary  energy  to  propel  the  bus 
over  its  normal  duty  cycle. 


Figure  11.  ERDA  Battery /Flywheel  Hybrid 
Electric  Vehicle. 
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Figure  12.  Schematic  of  Inductor/DC 
Flywheel  System. 

The  same  propulsion  system  can  be 
used  either  with  a  wayside  station  for 
an  all-flywheel  powered  bus  or  in  com¬ 
bination  with  overhead  wires  to  give  off¬ 
line  capability  to  present  trolley  buses. 
The  same  system  is  also  compatible  with 
a  battery  hybrid.  Figure  13  shows  an 
artist's  concept  of  the  flywheel  propul¬ 
sion  package  installed  in  an  urban  tran¬ 
sit  bus. 


Figure  13.  All  Flywheel  Powered  Transit 
Bus. 


which  have  been  made  indicate  that  an 
energy  storage  and  recovery  system  of 
this  type  can  significantly  increase  the 
range  of  a  multi-stop  battery  electric 
vehicle.  The  technology  is  expected  to 
have  wide  application  for  hybrid  propul¬ 
sion  systems. 
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ABSTRACT 

The  Rocketdyne  Division  of  Rockwell  International  Corporation  is  developing  an  ad¬ 
vanced  30  kW-hr  high-energy-storage  fl3wheel  module  for  the  U.S,  Army.  The  module  is  de¬ 
signed  to  utilize  the  Rocketdyne-modif ied  constant  stress  isotropic  rotor  system  with  a 
disc  energy  of  11.6  W-hr/lb  at  its  rated  speed.  The  flywheel  system  incorporates  two 
counter-rotating  assemblies  connected  through  a  common  gearbox  with  each  rotating 
assembly  being  comprised  of  two  flywheel  discs.  The  Rocketdyne— modified  constant  stress 
fl3rwheel  system  has  been  fully  tested  on  a  subscale  basis  with  the  results  of  an  energy 
storage  density  at  disc  failure  in  excess  of  21  W-hr/lb.  A  significant  advantage  of  the 
rotor  system  is  the  fail-safe  mode  of  failure  which  has  been  demonstrated  through  sub¬ 
scale  testing. 


INTRODUCTION 

Rockwell  International  has  been  ac¬ 
tively  involved  in  flywheel  development 
programs  since  1964, at  which  time  a 
composite  rotor  system  was  designed  and 
tested  for  helicopter  "quick  getaway" 
assistance. 

Rocketdyne *s  flywheel  system  approach 
is  based  on  a  foundation  of  over  20  years 
in  the  design  and  manufacture  of  high¬ 
speed  rotating  machinery.  Operating 
speeds  of  30,000  to  40,000  rpm  have  been 
used  on  almost  all  Rocketdyne  rocket  en¬ 
gine  turbomachinery.  This  expertise  has 
been  used  directly  to  develop  advanced 
flywheel  systems.  Although  parallel  ef¬ 
forts  concerning  both  isotropic  and  aniso¬ 
tropic  flywheel  programs  have  been  pursued, 
the  major  emphasis  to  date  has  been  the 
intensive  development  of  the  isotropic 
(steel)  flyvheel  system  due  to  its  near 
term  reliability  for  large  fl3nffheel  assem¬ 
blies.  Based  upon  the  more  than  10  years 
of  Rockwell  International  experience  in 
research,  design,  fabrication,  development, 
and  delivery  of  flywheels  for  land-based 
systems,  aircraft  and  space  systems, 3,4, 5 
Rocketdyne  has  introduced  a  highly  opti¬ 
mized  patent-pending  flywheel  rotor  system. 
The  rotor  system  is  characterized  by  high- 
energy  storage  efficiency  at  reduced  levels 


of  hub  stress  resulting  in  a  comparably 
higher  safety  margin  for  any  given  applica¬ 
tion.  Equally  significant  attributes  of 
safety  are  emphasized  by  providing  capa¬ 
bility  in  the  design  for  accurate  sensing 
of  disc  strain  during  operation  by  pro¬ 
viding  a  means  for  mechanical  restraint 
to  overspeed  and  disc  growth  and  for 
limiting  and/or  containing  burst  modes  of 
failure.  These  design  characteristics 
have  been  demonstrated  by  rotor  test  to 
destruction  with  precise  verification  of 
strain,  yield,  and  burst  predictions. 

The  present  U.S.  At  my  program^  involves 
the  design,  fabrication,  test,  and  delivery 
of  a  30  kW-hr  isotropic  flywheel  module. 

An  extensive  series  of  experimental 
rotor  failure  tests  of  the  Rocketdyne  fly¬ 
wheel  system  has  been  completed  on  a  sub¬ 
scale  basis.  The  purpose  of  the  experi¬ 
mental  tests  were  to  verify  failure  modes 
and  to  increase  the  competence  level  with 
respect  to  the  projected  subtle  and  fail¬ 
safe  mode  of  rotor  failure. 

Included  in  this  paper  are  the  results 
of  subscale  rotor  testing,  performance  re¬ 
quirements  of  the  large  flywheel  module, 
as  well  as  rotor  and  profile  approaches 
being  pursued  by  Rockwell  International. 
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design  approaches 

U.S>  AFxMY  MERADCQM  MODULE 

The  U.S.  Army  high-energy  flywheel  is 
an  isotropic  rotor  system,  each  rotor  disc 
having  the  capacity  for  storage  of  7.5 
kW-hr.  There  are  four  individual  flywheel 
discs  of  which  two  each  are  mounted  on 
counter-rotating  shafts  interconnected  to 
a  gearbox.  The  flywheel  module  is  powered 
by  a  Lycoming  gas  turbine  which  supplies 
power  to  each  successive  counter-rotating 
shaft  through  the  gearbox,  which  is  mounted 
as  an  interface  between  the  gas  turbine 
and  fl3wheel  module  casing.  The  flywheel 
module  as  shown  in  Fig.  1  incorporates 
Rocketdyne’s  unique  flywheel  profile 
which  incorporates  a  failure  mechanism 
which,  if  failure  does  occur,  the  flywheel 
system  is  designed  to  minimize  destructive 
release  of  energy.  Each  disc  of  the  fly¬ 
wheel  module  is  designed  with  energy 
storage  capacity  in  excess  of  11.6  W-hr/lb 
of  disc  weight.  The  11.6  W-hr/lb  is  at  a 
peripheral  speed  of  2420  ft/sec.  At  rated 
speed,  a  factor  of  safety  in  excess  of  1.6 
based  upon  ultimate  of  material  is  experi¬ 
enced  by  the  isotropic  material.  The  fly¬ 
wheel  discs  are  attached  to  the  hub  section 
by  the  incorporation  of  a  unique  attach¬ 
ment  configuration  which  does  not  compro¬ 
mise  the  integrity  of  the  disc  proper. 

The  fl5^heel  module  is  designed  to  accom¬ 
modate  high  vacuum  and  incorporate  braking 
rings  which  surround  each  of  the  four 
discs  within  the  module.  The  purpose  of 
the  braking  ring  is  to  limit  the  flywheel 
over speed  based  upon  the  radial  growth  of 


Fig.,  1.  U.S.  Army  30  kW-hr  Module 


rotor  versus  speed  conditions.  Due  to  the 
fact  that  the  rotor  is  operating  at  a  rate 
of  speed  well  below  the  material  yield 
point,  an  elastic  condition  occurs  through¬ 
out  the  rpm  duty  cycle  up  to  and  exceeding 
the  rated  speed  by  30  percentile.  The 
proper  utilization  of  this  elastic  nature 
of  the  isotropic  rotor  allows  for  precise 
prediction  of  rotor  speed  based  upon 
radial  growth  and  also  allows  for  over¬ 
speed  protection  by  utilization  of  the 
braking  ring.  Experimental  verification 
of  the  braking  ring  concept  and  failure 
modes  have  been  accomplished  successfully 
with  data  providing  information  exceeding 
theoretical  predictions. 

ISOTROPIC  MATERIAL  SELECTION 

Candidate  materials  for  applications 
for  high-strength,  high-energy  density 
steel  flywheels  must  have  the  capability 
of  being  fully  hardened  to  high  yield  and 
ultimate  strength  levels,  and  possess  good 
ductility,  fatigue  strength,  and  fracture 
toughness.  Additionally,  the  material 
must  be  amenable  to  the  standard  fabrica¬ 
tion  processes  such  as  forging,  machining, 
heat  treating,  and  welding,  without  undue 
distortion.  It  must  also  be  capable  of 
being  inspected  by  ultrasonics,  and  mag¬ 
netic  particle  or  placement  penetrant  pro¬ 
cedures,  Consequently,  only  materials 
with  known  characteristics  that  could  be 
applied  to  the  design,  fabrication,  and 
testing  of  the  flywheel  system  were 
considered. 

The  need  for  high  strength  to  permit 
the  use  of  as  high  a  design  allowable 
stress  as  possible  is  illustrated  in  Fig. 

2.  This  figure  shows  that  the  energy  that 
can  be  stored  per  pound  of  fl3rwheel  weight 
increases  directly  as  the  increase  in  al¬ 
lowable  design  stress.  Also,  higher  allow¬ 
able  stresses  tend  to  dictate  higher  opera¬ 
tional  speeds. 

Good  ductility  in  conjunction  with 
high  strength  is  required  to  permit  local¬ 
ized  plastic  yielding  at  unavoidable  stress 
concentrations.  High  fatigue  strength  is 
mandatory  especially  in  the  high-stress, 
low-cycle  life  range  to  minimize  possible 
damage  resulting  from  recharging  and  dis¬ 
charging  duty  cycles. 
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Fig.  2.  Percent  of  Design  Allowable  Stress 
and  Specific  Energy  of  the 
Optimized  Disk  Flywheel  (Steel) 

Of  prime  importance  in  the  selection 
of  flywheel  materials  is  the  basic  steel 
hardenability .  Unless  a  material  can  be 
fully  hardened  to  100  percent  martinsite 
in  the  thickest  section  of  the  flywheel 
where  the  stress  are  very  high,  the  full 
capability  of  the  material  is  not  being 
utilized.  Lower  strength  and  lower  power 
fatigue  strength  results  when  less  than 
full  hardening  is  attained. 

High  fracture  toughness  is  important 
from  both  the  threshold  stress  intensity 
levels  and  crack  growth  rates  due  to  the 
magnitude  of  surface  and  subsurface  flaws 
that  can  be  undetectable  by  the  best  non- 
destructive  test  methods. 

A  survey  of  flywheel  projects  was  con¬ 
ducted  to  verify  materials  being  used  on 
flywheel  projects  other  than  those  being 
conducted  by  divisions  of  Rockwell  Inter¬ 
national.  One  very  important  point  must 
be  made  at  this  time.  There  have  been  no 
complete  life  cycle  tests  and  evaluations 
of  high-strength,  high-energy  density  fly¬ 
wheels  to  date.  Several  high-strength 
fl3rwheels  have  been  constructed  and  tested 
for  a  limited  number  of  cycles,  but  none 
of  these  units  have  been  noted  to  undergo 
the  high  cyclic  life  testing  necessary  to 
ensure  flywheel  life  and  establish  safety 
margins . 

Of  the  four  candidate  materials  that 
have  been  considered,  AISI  4340-grade 
steel  has  undergone  the  greatest  amount  of 
high-strength  flywheel  testing.  A  steel 
flywheel  forged  from  a  billet  of  300  M(VAR) 
steel,  a  modified  AISI  E4340  chromium 
nickel  molybdenum  alloy,  was  an  end  result 
of  the  Environmental  Protection  Agency 


Contract  No.  EHS  7-104  and  has  experienced 
limited  testing.  Properties  of  the  four 
candidate  materials  that  have  been  closely 
studied  for  fljnArheel  application  are  listed 
in  Table  1. 

Table  1.  Candidate  Isotropic  Fl3rwheel 
Materials 


4340 

Steel 

18NI-250 

(Managing 

Steel) 

hp-9-4-20 

hp-9-4-30 

Density,  1b/in.^ 

0.283 

0.289 

0.283 

0.283 

Poisson's  Ratio 

0.32 

0.30 

0.296 

0.296 

Tensile  Ultimate,  ,  ksi 

tu’ 

260 

270 

190/215 

220/240 

Tensile  Yield,  ksi 

217 

265 

180/195 

190/215 

Weldabi 1 i ty 

poor 

fa  i  r 

best 

good 

Fatigue  Strength 

poor 

fa  i  r 

good 

best 

Impact  Strength 

.  fair 

fai  r 

best 

good 

Ava i 1  a  b  t 1 i t  y 

good 

good 

good 

good 

Elongation,  percent  in  2  inches 

poor 

6 

14/19 

10 

Additional  candidates  including,  but 
not  limited  to,  the  following  were  re¬ 
viewed:  300  M  (carbon  and  silicone  modi¬ 
fied  4340)  Hy  180  (10  percent  Ni  modified). 

The  9-4  series  alloy  steels7,8  are  cur¬ 
rently  in  use  at  Rockwell  International 
for  flywheel  programs  at  the  Los  Angeles 
Division  (hp-9-4-20)  and  at  Rocketdyne 
(hp-9-4-30) .  Based  upon  extensive  sample 
and  rotor  tests  of  the  hp-9-4-30.  Rocket- 
dyne  has  identified  the  hp-9-4-30  as  the 
optimum  isotropic  fl3rwheel  material.  This 
material  is  being  utilized  in  the  U.S. 

Army  MERADCOM  flywheel  module. 

ROTOR  PROFILE  APPROACH 


Flywheel  Characteristics.  Figures  3  and  4 
graphically  illustrate  another  point. 

There  is  a  persistent  belief  that  a  rim- 
type  fl3wheel  will  store  more  energy  than 
any  other  type.  Intuitively,  it  seems 
logical  that  this  is  true  because  the  rim- 
type  concentrates  the  mass  near  its  outer 
radius  where,  presumably,  it  will  do  the 
most  good.  Therefore,  it  seems  that  this 
must  be  the  most  effective  cross  section. 
The  data  listed  in  Fig.  3  and  4  demonstrate 
that  this  is  not  the  case.  Figure  3  com¬ 
pares  equal  weight  and  equal  diameter  fly¬ 
wheels  of  the  "optimized,"  flat  disc,  and 
rim  types  for  relative  energy  storage  capa¬ 
bility.  It  can  be  seen  that  the  optimized 
type  stores  more  than  one  and  one-half 
times  as  much  as  the  flat  disc  type  and 
nearly  two  times  as  much  as  the  rim  type. 

On  the  other  hand,  if  it  is  assumed  that 
the  rotational  speed  and  energy  of  the 
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OPTIMIZED  flat 

DISC  DISC  RIH 


OUTSIDE  DIAMETER,  INCHES 

10 

10 

10 

WEIGHT,  POUNDS 

12.4 

12.4 

12.4 

KINETIC  ENERGY,  IN. -LB 

5.09  X  10^ 

3.7  X  10^ 

2.74  X  10^ 

SPECIFIC  KINETIC 

ENERGY,  IN. -LB/LB 

410,000 

298,000 

220,000 

ANGULAR  VELOCITY,  RAD/SEC 

6.584 

4,280 

2,750 

ASSUMPTIONS: 

1.  FOR  RIM  TYPE.  90  PERCENT  OF  WEIGHT  IS  EFFECTIVE  AT  OUTSIDE  DIAMETER, 
10  PERCENT  IS  INEFFECTIVE  AS  A  FLYWHEEL 

2.  SPEED  IS  LIMITED  BY  MAXIMUM  STRESS  AT  ANY  POINT 

3.  MATERIAL  PROPERTIES:  (STEEL) 

140,000  PS  I  MAXIMUM  STRESS 
0.3  POISSON'S  RATIO 
0.285  LB/IN. ^  DENSITY 

4.  STRESS  CONCENTRATION  POINTS  IN  RIH  FLYWHEEL  DESIGN  ARE  NEGLECTED. 


Fig.  3.  Equal  Weight  and  Equal 
Diameter  Fljrwheels 


rotational  velocity  were  simultaneously 
restricted.  Usually  this  would  make  it 
impossible  to  stress  the  material  in  the 
truncated  conical  disc  fl3rwheel  anywhere 
near  its  capabilities  and  would,  thus,  re¬ 
duce  its  energy  storage  efficiency  dis- 
pr  op  or  t i onat  e ly . 

Essentially,  the  specific  energy  stor¬ 
age  capabilities  (ft-lb/lb)  of  the  trun¬ 
cated  conical  disc  flywheel  are  directly 
porportional  to  the  strength  density  ratio. 
Since  specific  energy  is  the  best  avail¬ 
able  measure  of  the  basic  energy  storage 
efficiency  of  the  flywheel,  every  effort 
should  be  made  to  use  a  material  that  has 
the  highest  possible  allowable  design 
strength  and/or  lowest  possible  density. 

Figure  5  shows  the  position  that  the 
truncated  conical  disc  flywheel  takes  in  a 
family  of  known  flywheel  shapes9,10  in 
terms  of  "shape  factor."  Shape  factor  is 
a  measure  of  energy  storage  efficiency  in 
which  a  shape  factor  of  1.000  means  that 
all  material  in  the  disc  is  being  stressed 
perfectly  uniformly  and,  hence,  is  being 


OPTIMIZED 

DISC 

I  FLAT 

1  DISC 


OUTSIDE  DIAMETER,  INCHES 

20 

13 

8.38 

WEIGHT,  POUNDS 

14-9 

20.5 

27.7 

KINETIC  ENERGY,  IN. -LB 

6.1  X  10^ 

6.1  X  10^ 

6.1  X  10^ 

SPECIFIC  KINETIC 

ENERGY,  IN. -LB/LB 

410,000 

298,000 

222,000 

ANGULAR  VELOCITY,  RAD/SEC 

3,292 

3,292 

3.292 

ASSUMPTIONS 

1.  FOR  rim' TYPE,  90  PERCENT  OF  WEIGHT  IS  EFFECTIVE  AT  OUTSIDE  DIAMETER, 
10  PERCENT  IS  INEFFECTIVE  AS  A  FLYWHEEL 

2.  SPEED  IS  LIMITED  BY  MAXIMUM  STRESS  AT  ANY  POINT 

3.  MATERIAL  PROPERTIES:  (STEEL) 

140,000  PS  I  MAXIMUM  STRESS 
0.3  POISSON'S  ratio' 

0.285  LB/IN. ^  DENSITY 

4.  STRESS  CONCENTRATION  POINTS  IN  RIM  FLYWHEEL  DESIGN  ARE  NEGLECTED. 


Fig.  4.  Equal  Speed  and  Equal 

Energy  Storage  Fl3rwheels 

three  types  of  flywheels  are  to  be  equal 
(as  shown  in  Fig.  4),  then  the  weight  of 
the  optimized  type  is  nearly  one-half  that 
of  the  rim  type  and  less  than  three-fourths 
that  of  the  flat-disc  type.  The  only  set 
of  circumstances  in  which  the  rim  type 
could  prove  superior  would  be  one  wherein 
the  allowable  outside  diameter  and  the 


FLYWHEEL 

GEOMETRY 


CONSTANT-STRESS  DISC  (OD  —  «) 


CROSS  SECTIONAL 


SHAPE  FACTOR 


1.00 


MODIFIED  CONSTANT- STRESS  DISC 
(TYPICAL) 


0.94 


MCKETDYNE'S  MODIFIED  CONSTANT 
-STRESS  DISC 


HULTIDISC 


0.83 


0.80 


I  SUITABLE 
FOR 

ISOTROPIC 

MATERIALS 

ONLY 


TRUNCATED  CONICAL  DISC 


FLAT  UNPIERCED  DISC 


0.80 


0.61  ^ 


THIN  RIH 


I 


1 


0.50  ^ 


RIH  WITH  WEB 


MULTI RIH 


0.40 

SUITABLE  FOR 

ISOTROPIC 

OR 

ANISOTROPIC 
0  40  MATERIALS 


ROD  OR  "SUPERFLYWHEEL" 
FLAT  PIERCED  DISK 


0.33  I 
0.305 J 


Fig.  5.  Flywheel  Shape  Factors  for 
Various  Geometries 
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used  efficiently.  It  can  be  seen  from  the 
figure  that  the  optimized  disc  is  at  the 
top  of  the  achievable  configuration. 

Modified  Constant  Stress  Disc.  At  Rocket- 
dyne,  a  modified  form  of  the  constant 
stress  disc  has  been  formulated  to  use  the 
best  features  of  both  the  rim  type  of  fly¬ 
wheel  and  the  truncated  conical  disc. 
Modified  constant  stress  discs  with  a  shape 
factor  as  high  as  0.85  to  0.90  have  been 
fabricated  successfully  by  others;  how¬ 
ever,  in  the  interest  of  achieving  defin¬ 
able  containment  of  the  disc  failure, 
Rocketdyne  has  chosen  to  trade  off  some 
of  the  spatial  advantage  for  safety.  In 
actual  practice,  the  few  points  of  differ¬ 
ence  achieved  at  the  flywheel  disc  is 
over compensated  by  the  accessory  design 
and  casing  arrangements  that  vary  with 
each  application.  Rocketdyne  has  formu¬ 
lated  a  7.5  kW-hr  modified  constant  stress 
disc  configuration  under  U.S.  Army 
MERADCOM  Contract  DAAG55-75-6-0278,  where¬ 
in  a  shape  factor  of  0.83  is  achieved. 

This  specific  disc  has  been  characterized 
by  computer  programs  to  formulate  the 
capability  to  adapt  the  configuration  for 
multiple  wheel  sizes  and  power  require¬ 
ments.  The  resulting  disc  configuration 
in  combination  with  a  relatively  light, 
thin  barrier  ring  offers  what  is  believed 
to  be  the  optimum  state-of-the-art  system 
in  terms  of  safety  and  performance 
efficiency, 

SUBSCALE  ROTOR  TESTS 

The  Rocketdyne  flywheel  rotor  system 
was  successfully  tested  on  a  subscale 
basis  to  verify  failure  modes  and  factor 
of  safety  based  on  overspeed  tolerances. 
There  were  five  successive  tests  of  the 
subscale  rotor  system  (Fig,  6),  of  which 
the  final  test  was  to  demonstrate  actual 
rotor  failure  modes  and  energy  storage 
density  at  failure. 


Fig.  6.  Subscale  Rotor,  Pretest 


The  subscale  rotor  was  designed  to  pro¬ 
vide  the  exact  one-on-one  stress  profile 
that  the  full-size  rotor  will  experience. 

To  accomplish  this,  the  subscale  rotor  was 
rated  at  39,750  rpm.  At  rated  speed,  the 
rotor  energy  storage  density  for  both  the 
full  size  and  sub scale  rotor  was  designed 
at  11.6  W-hr/lb  of  rotor  weight. 

TEST  NO.  3  (BRAKING  RING  VERIFICATION) 

During  Test  No.  3,  the  subscale  rotor 
was  allowed  to  over speed  to  verify  the 
braking  ring  concept.  The  braking  ring 
was  designed  to  limit  an  over speed  condi¬ 
tion  at  20%  of  rated  speed.  This  concept 
was  verified  when  the  rotor  obtained 
47,760  rpm  (120.15%  of  rated  speed)  and  it 
ceased  to  rotate  at  higher  speed.  After 
successive  attempts  to  overspeed  past 
120.15%  of  rated  speed  failed,  the  rotor 
was  removed  for  inspection.  The  wheel 
was  examined  post test  showing  a  rub  mark 
over  a  local  area  of  the  outer  rim  face 
about  5  inches  long  circumferentially. 

The  hardness  reading  in  this  area  was  found 
to  have  increased  from  the  machined  value 
of  50  to  a  local  hardness  of  55  slightly 
increasing  local  strength  and  brittleness 
but  of  no  significant  consequence  to  fur¬ 
ther  test.  Penetrant  inspection  was 
passed  and  the  rotor  was  returned  for 
Test  No.  4.  The  barrier  ring  also  showed 
local  rub  marks  in  two  adjacent  areas  of 
about  5  inches  each  around  its  14- inch  ID. 
Both  parts  remained  within  their  fabricated 
tolerance  of  ±0.001  inch  radially  with 
no  evidence  of  rotor  permanent  deformation. 
The  barrier  ring  was  then  resized  to 
14.117-inch  ID  preparatory  to  Test  No.  4. 

TEST  NO.  4  (ELASTIC/PLASTIC  TEST  DATA) 

During  Test  No.  4,  speed  was  momentar¬ 
ily  brought  to  51,060  rpm  and  then  held 
between  50,000  and  50,500  rpm  for  7  min¬ 
utes.  During  this  period,  rotor-to-ring 
gap  was  recorded  and  compared  to  elastic 
and  plastic  growth  predictions  and  it  was 
concluded  a  small  permanent  deformation  of 
about  0.002  had  been  encountered.  The 
possibility  of  uneven  thermal  growth  in¬ 
fluence  was  considered  in  estimating 
whether  or  not  yield  had  occurred.  As  a 
check, speed  was  then  reduced  to  45,460 
rpm.  Figure  7  shows  the  traverse  up  and 
back  to  45,460  rpm.  Rotor  radius  enlarge¬ 
ment  was  recorded  at  all  reduced  speeds 
relative  to  the  initial  upramp.  From 
46,000  rpm,  rotor  speed  was  increased  to 
51,500  rpm,  where  further  yield  was  evi¬ 
dent.  At  this  level,  the  deviation 
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INCHES 


SPEED  (RPM)  - ► 

Fig.  7.  Subscale  Rotor  Experimental 
Radius  vs  Speed  Data 

appeared  to  be  0.005  inch;  however,  at 
speeds  between  35,000  and  40,000  rpm,  a 
value  of  0.004  to  0.0035  inch  radial 
growth  was  indicated.  After  the  test, 
rotor  measurements  were  taken  verifying 
that  the  pretest  gap  of  0.0585  was  re¬ 
duced  to  about  0.055  indicating  about 
0.0035  inch  growth.  The  data  of  Fig.  7 
indicates  that  the  first  yield  occurred 
about  50,000  rpm.  A  reacceleration  from 
40,000  rpm  seems  to  pass  50,500  rpm  and 
reach  51,000  rpm  before  further  yield  is 
evident.  In  subsequent  Test  No.  5,  the 
data  indicates  that  speed  was  brought  to 
about  52,000  rpm  before  the  growth  rate 
accelerates. 

TEST  NO.  5  (BURST  TEST) 

Rotor  growth  was  displayed  on  a  digi¬ 
tal  meter  and  recorded  manually  as  the 
speed  was  increased.  As  speed  passed 
53,000  rpm,  it  was  recognizable  to  the 
observer  that  growth  was  accelerating  and 
that  failure  was  imminent  some  80  seconds 
before  rim  loss  occurred.  At  53,790  rpm, 
the  gap  detect  circuit  output  was  seen  to 
surge,  indicating  that  the  rotor  rim  was 
contacting  barrier  ring.  Four  seconds 
later,  failure  at  53,800  rpm  was  clearly 


audible.  Based  on  test  data  and  posttest 
evaluation  of  hardware,  the  mode  of  fail¬ 
ure  is  characterized  as  follows: 

1.  Rotor  yield  accelerated  between 
52,500  and  53,800  rpm  until  barrier  ring 
contact  was  noted. 

2.  At  53,800  rpm  frictional  heating 
of  the  rubbing  rim  accelerated  weakening 
and  caused  fracture  360  degrees  around  the 
rotor  at  the  neck  region  (Fig.  8). 


Fig.  8.  Subscale  Rotor,  Posttest 


TEST  CONCLUSIONS 

1.  Restriction  of  barrier  ring  clear¬ 
ance  is  an  effective  safety  measure  for 
ensuring  that  the  rotor  can  not  grow  beyond 
the  elastic  limit  whether  due  to  overspeed 
or  overheating.  This  conclusion  is  derived 
from  results  of  Test  No.  3  where  a  20% 
over speed  condition  was  safely  concluded 
by  braking  action  of  the  barrier  ring. 

2.  Rotor  operation  to  125.8%  of  rated 
speed  (50,000  rpm)  was  accomplished  safely 
using  gap  detect  monitoring.  Although 
operation  to  this  point  of  initial  yield 
should  not  be  allowed,  it  served  to  drama¬ 
tize  the  margin  of  safety  at  rated  speed. 

3.  The  flywheel  material  and  physical 
design  strength  was  conservatively  pre-^ 
dieted  and  the  mode  of  failure  of  the  rim 
without  disc  fracture  was  correctly  pro¬ 
jected  so  that  in  the  extremely  unlikely 
event  of  overstress  to  the  failure  point 
only  about  20%  of  the  stored  energy  is  re¬ 
leased  in  centrifugal  momentum. 

4.  The  selected  material,  hp-9-4-30, 
can  be  machined  and  electron  beam  welded 
in  the  fully  heat  treated  state  to  obtain 
a  product  of  high  quality  and  predictable 
performance. 
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5.  The  anticipated  material  proper- 
ties  of  hp- 9- 4“ 30  such  as  strength  and 
elongation  were  demonstrated  to  be  valid, 
qualifying  this  material  for  high  perform¬ 
ance  flywheel  design  and  construction. 

6.  In  the  case  where  conditions  are 
allowed  to  proceed  to  burst,  the  flywheel 
failure  mode  results  in  less  destructive 
energy  than  alternative  configurations 
yet  has  a  higher  performance  index  in 
terms  of  stored  energy  per  pound  of  mate¬ 
rial  at  any  given  stress  level. 

7.  Energy  storage  efficiencies  for 
the  disc  and  rotor  assembly  were  computed 
as  follows: 

Speed,  Efficiencies  (e./e  ), 

rpm  _ W-hr/lb  ^  ^ 

Design  39,750  11,6/10.1 

Yield  50,000  18.4/16.0 

Failure  53,000  21.2/18.5 

TEST  ACCOMPLISHMENTS 

1.  The  highest  speed  of  operation 
without  permanent  deformation  was  identi¬ 
fied  during  Test  No.  4  as  49,500  rpm  (24.5% 
over  rated  speed). 

2.  During  Test  No,  4,  it  was  indi¬ 
cated  that  permanent  deformation  in  amounts 
as  small  as  0.001  to  0.002  can  be  detected 
during  rotor  operation. 

3.  The  capability  of  monitoring  rotor 
operation  at  95  to  96%  of  burst  speed  was 
demonstrated  during  Test  No.  4  as  speed 
was  safely  varied  from  0  to  50,520  rpm, 
reduced  to  45,460  rpm,  returned  to  51,520 
rpm  and  reduced  to  0  rpm  without  loss  of 
integrity. 

4.  Test  No.  5  served  to  verify  the 
precision  of  stress  analysis  employed  in 
the  design  of  the  flywheel  rotor  wherein 
failure  of  the  rim  was  planned  and  demon¬ 
strated  without  incurring  loss  in  integrity 
in  the  hub  section  which  was  stressed  to 
97%  of  the  neck  load. 
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ABSTRACT 


Ihe  purpose  of  this  paper  is  to  establish  a  rationale  for  the  feasibility  of  com¬ 
posite  material  flywheels  for  use  in  urban  vehicles .  Comparisons  in  terms  of  safety, 
weight,  and  costs  will  be  made  between  steel  flywheels  and  composite  material  flywheels. 
This  paper  will  also  review  pertinent  results  of  the  MERADCOM  flywheel  development  pro¬ 
gram.  An  operating  energy  density  of  21  w-hr/lb  has  been  achieved  in  this  test  program. 
The  results  of  this  program  have  led  to  the  selection  of  a  composite  material  flywheel 
in  the  Energy  Research  and  Development  Administration  (ERDA)  electric  powered  passenger 
vehicle.  Pertinent  aspects  of  the  energy  storage  unit  design  will  be  discussed. 


INTRODUCTION 

This  paper  discusses  the  feasibility 
of  composite  material  flywheels  for  urban 
vehicle  use;  in  particular,  it  will  dis¬ 
cuss  the  ERDA  electric  powered  passenger 
vehicle . 

AiResearch  has  been  involved  in  the 
study,  design,  and  manufacture  of  energy 
storage  systems  for  over  8  years.  As 
shown  in  Fig.  1,  AiResearch  has  designed 
and  built  steel  flywheel  rotors  for  the 
R-32  and  ACT-1  flywheel  systems  for  rail 
mass  transportation  and  for  the  University 
of  Wisconsin  automotive  flywheel  installed 
in  a  Ford  Pinto. 


Fig.  1.  AiResearch  flywheel  energy 
storage  systems. 


AiResearch  has  been  actively  involved 
in  the  field  of  composite  material  fly¬ 
wheels  since  1974.  The  initial  studies  and 
testing  were  accomplished  in  a  company- 
funded  research  program  on  a  multirim 
E-glass  rotor.  The  next  major  program 
involved  the  U.S.  Army  MERADCOM  composite 
flywheel  rotor,  which  utilized  a  multirim 
Kevlar-49  (Dupont  Trademark)  rim.  The 
results  of  this  program  have  been  used 
to  help  establish  the  design  for  the  ERDA 
electric  car  flywheel  rotor. 


COMPOSITE  MATERIAL  FLYWHEEL  BACKGROUND 
COMPOSITE  MATERIAL  IR&D  FLYWHEEL 

The  design  and  testing  of  the  ini¬ 
tial  composite  flywheel  was  undertaken  by 
AiResearch  in  1974.  This  program  verified 
the  feasibility  of  the  AiResearch  multi¬ 
ring  rim  flywheel  design.  As  shown  in  Fig. 
2,  the  flywheel  rim  comprised  four  layers 
or  rings  of  filament-wound  E-glass  in  an 
epoxy  matrix.  Each  layer  was  1/4-in. 
thick  by  *2  in.  wide,  with  an  outside  rim 
diameter  of  26  in.  This  rim  was  mounted 
on  a  4-spoke  aluminum  hub,  and  the  assem¬ 
bly  was  run  in  an  evacuated  spin  pit  to 
1920  fps  rim  speed.  At  this  speed,  the 
rim  energy  density  was  16.8  w-hr/lb.  The 
hub,  which  was  a  heavy  test  hardware  piece 
(24  lb),  reduced  the  overall  energy  density 
to  8.8  w-hr/lb.  This  rotor  was  cycled  1035 
times  between  1870  and  1070  fps  to  estab¬ 
lish  that  this  design  could  withstand  cyclic 
loading.  Subsequent  inspection  revealed 
no  obvious  signs  of  deterioration. 
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Fig.  3.  Spin  facility. 


Fig.  5.  MERADCOM  8~ring  rim. 


•  POSITIVE  LOAD  PATH 
ELIMINATES  ROTOR 
INSTABILITY 

•  LAMINATED  DESIGN 
LIMITS  BENDING  AND 
RADIAL  STRESS  IN  RING 


Fig.  2.  Composite  ring  f lywheel-IR&D . 


MERADCOM  FLYWHEEL 


Fig.  4.  Spin  test  flywheel. 


The  extremely  high  peripheral  veloci¬ 
ties  achieved  (up  to  3846  fps)  were  very 
encouraging.  The  average  energy  density  of 
the  single  16-in.  rings  in  these  tests  was 
84  w-hr/lb  at  failure.  The  energy  density 
of  a  complete  energy  storage  rotor  will  be 
considerably  less  due  to  required  margins 
of  safety  on  stress  and  the  diluting  effect 
of  the  hub  and  shaft  weight. 


The  final  MERADCOM  flywheel  submodule 
shown  in  Fig.  5  was  an  8-ring  rim,  with  a 
42-in.  outside  diameter.  The  rings  were 


The  next  composite  flywheel  program 
by  AiResearch  was  the  MERADCOM  composite 
flywheel.  This  program  initially  involved 
the  design  and  testing  of  16-in. -dia. 
Kevlar-49  epoxy  rings  to  evaluate  proces¬ 
sing  and  material  properties  prior  to 
fabricating  and  testing  a  full-size  flywheel 
rotor  module.  Two  basic  tests  were  run  on 
the  16-in.  rings.  First,  the  rings  were 
loaded  hydraulically  in  a  hydrostatic  test 
fixture.  Both  cyclic  and  burst  tests  were 
run  on  the  hydraulic  rig.  In  the  second 
test,  rings  were  spun  to  burst  speed  in  a 
spin  pit,  shown  in  Fig.  3.  The  spin  arbor 
and  ring  is  shown  in  Fig.  4.  Good  cor¬ 
relation  was  found  between  the  composite 
strengths  determined  by  the  hydro-burst 
and  spin  tests,  with  a  demonstrated  average 
ultimate  strength  of  260  ksi. 


wound  of  Kevlar-49  in  an  epoxy  matrix.  The 
rim  was  mounted  on  a  4-spoke  aluminum  hub 
and  successfully  run  to  an  operational  tip 
speed  of  2750  f ps .  Subsequent  inspection 
of  the  rotor  revealed  no  sign  of  degrada¬ 
tion.  At  this  speed,  the  energy  density 
of  the  rim  was  39  w-hr/lb  and  the  energy 
density  of  the  rim-hub  assembly  was 
21  w-hr/lb. 

Besides  demonstrating  these  energy  densities, 
this  rotor  demonstrated  successful  operation 
on  a  two-bearing  rotor  configuration  of  the 
type  required  in  a  vehicle.  Previous  testing 
of  composite  material  flywheels  had  been  per¬ 
formed  on  a  rotor  suspended  on  a  flexible 
damped  quill  shaft  system  that  is  relatively 
insensitive  to  rotor  radial  and  moment  unbal¬ 
ance.  Although  the  flexible  quill  shaft 
system  is  ideal  for  laboratory  testing,  it 
would  be  unable  to  support  a  flywheel  under 
the  maneuver  and  gyroscopic  loads  experienced 
in  a  vehicle. 

ELECTRIC  POWERED  PASSENGER  VEHICLE 
PROGRAM  DESCRIPTION 

Under  the  Electric  Powered  Passenger 
Vehicle  (EPPV)  program,  AiResearch  has 
contracted  with  ERDA  to  design  and  develop 
a  complete  electric  powered  vehicle.  Basic¬ 
ally  the  objectives  of  the  ERDA  EPPV  pro¬ 
gram  are  to  define  and  develop  a  4— passenger 
electric  vehicle  that  will  meet  minimum 
urban  range  with  acceptable  performance, 
cost,  and  safety.  The  major  objectives 
of  the  program  are  shown  in  Table  1. 

Table  1.  AiResearch  EPPV  design  goals. 


MIN.  PASSENGER  CAPACITY 

4  ADULTS 

MAX.  CURBWT..  LB 

2566 

MIN.  URBAN  RANGE  (J227D),MI 

75 

MAX.  INITIAL  COST,  PROJECTED,  1975$ 

5000 

MIN.  LIFE,  Ml 

100,000 

MAX.  LIFE-CYCLE  COST,  PROJECTED.  1975$/MI 

0.15 

MAX.  ELECTRIC  RECHARGE  ENERGY 

IN  URBAN  DRIVING.  KW-HR/MI 

0.391 

MAX.  RECHARGE  TIME,  HR 

6 

MIN.  TOP  SPEED,  MPH 

70 

MIN.  ACCESSORIES 

HEATER/DEF. 

ONBOARD 

CHARGER 

SAFETY  FEATURES 

ALL  FMVSS 
REQUIREMENTS 

MIN.  ACCELERATION  (0  TO  30  MPH).  SEC 

6 

MIN.  MERGING  TIME  (25  TO  K  MPH),  SEC 

10 

SUSTAINED  SPEED  ON  5%  GRADE.  MPH 

SO 

BATTERY  TYPE 

LEAD-ACID 

,  MIN.  AMBIENT  TEMP.  RANGE.  Of 

-20  TO  +  125 

The  present  state-of-the-art  electric 
vehicles  have  marginal  range,  and  they  also 
have  low  acceleration  capability,  which 


could  be  dangerous  for  urban  driving.  Table 
2  compares  the  present  electric  vehicle 
characteristics  with  those  of  the  future. 

The  use  of  the  flywheel-augmented  power 
system  offers  promise  of  overcoming  the 
major  shortcomings  of  the  present  electric 
vehicles:  short  range,  poor  acceleration 
performance,  and  limited  battery  life.  The 
flywheel  can  provide  high  power  for  accel¬ 
eration,  thus  eliminating  high  current 
demands  from  the  batteries.  In  this  way  both 
vehicle  performance  and  battery  life  are 
improved.  Additionally,  the  vehicle  range 
is  improved  by  enabling  the  battery  to  dis¬ 
charge  at  a  near-optimum  rate  as  well  as  by 
recovering  energy  through  regenerative  brak¬ 
ing. 

Table  2.  Electric  vehicle  performance 
(4-passenger  vehicles). 


PRESENT 

TECHNOLOGY 

ERDA STUDY 
REQUIREMENTS 

AIRESEARCH 

DESIGN 

DRIVING 
RANGE.  MILE 
(ERDA  CITY 
CYCLE) 

40 

75* 

75* 

ACCELERA¬ 
TION  TIME, 

SEC  (0-55  MPH) 

32 

32 

17 

BATTERY 
WEIGHT.  LB 

1200 

_ 

1040 

*  BASED  ON  1978  LEAD-ACID  BATTERIES 


The  battery  current  load  leveling  is 
shown  in  Fig.  6  for  the  LA-4  Driving  Cycle 
(Federal  City  Driving  Cycle).  The  cycle 
covers  7.5  miles  at  an  average  speed  of  19.6 
mph  with  2.4  stops  per  mile.  The  battery 
current  is  adjusted  to  the  change  in  aver¬ 
age  power  requirements,  while  the  flywheel 
absorbs  the  peak  power  demands  for  acceler¬ 
ation  and  braking.  Thus,  both  battery  effi¬ 
ciency  and  life  are  improved.  Figure  7 
shows  the  effect  of  load  leveling  and  regen¬ 
erative  braking  on  battery  life.  Not  only 
are  the  total  miles  per  pack  increased  by 
over  50  percent  but  the  miles  per  charge 
cycle  (range)  are  more  than  doubled.  The 
system  without  regeneration  and  load  level¬ 
ing  must  not  exceed  a  depth  of  discharge 
(DOD)  much  beyond  80  percent  since  power 
demand  requirements  cannot  be  met. 

The  flywheel  can  provide  power  levels 
to  give  the  vehicle  good  acceleration  cap¬ 
ability,  adding  to  driver  acceptance  of 
the  vehicle.  Figure  8  shows  the  maximum 
flywheel-powered  acceleration  of  the 
vehicle.  Note  that  0  to  55  mph  can  be 
achieved  in  approximately  17  seconds. 
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Fig.  6.  Power  system  load  leveling,  LA-4 
driving  cycle. 


Fig,  7.  Total  battery  pack  miles  vs 
nominal  miles  per  charging 
cycle . 


TIME,  SECONDS 


Fig.  8.  Acceleration  characteristics. 

The  power  unit  concept  is  shown  schema¬ 
tically  in  Fig.  9.  This  is  an  electromech¬ 
anical  system  in  which  the  torque  is  split 
into  two  paths,  one  electrical  and  one  mech¬ 
anical.  The  main  features  of  this  system 
are : 


Infinitely  variable  gear  ratios 
High  efficiency 
Reversible  output  shaft 


THROTTLE 


Fig.  9.  Power  system  schematic. 


The  flywheel  rotor  will  store  1  kw-hr 
of  energy  at  a  high  flywheel  rotor  energy 
density  level  (22  w-hr/lb)  for  a  duty  cycle 
of  100,000  miles.  Deliverable  energy  is 
three-fourths  of  this,  or  750  w-hr,  since 
the  flywheel  cycles  between  50  and  100  per¬ 
cent  speed  during  operation.  The  flywheel 
rotor  chosen  is  a  multi-ring  rim  mounted  on 
a  4-spoke  aluminum  hub.  The  characteristics 
of  the  rotor  are  summarized  in  Table  3. 


Table  3.  Summary  of  flywheel 
characteristics . 


Parameter 

Value 

Flywheel  100  percent  speed,  rpm 

25,000 

Energy  storage  at  100  percent 
speed,  w-hr 

1000 

Available  energy  (down  to  50 
percent  speed),  w-br 

750 

Flywheel  size 

Rim  OD,  in. 

23.0 

Rim  length,  in. 

4.2 

Polar  moment  of  inertia, 
ft-lb-sec^ 

0.775 
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FLYWHEEL  CONTAINMENT  AND  WEIGHT 

The  weight  of  a  flywheel  system  is 
primarily  dependent  on  materials  (strength), 
rotor  shapes,  and  safety  containment  require 
ments.  A  comparison  of  flywheel  types  (both 
isotropic  and  composite  material)  is  shown 
in  Table  4.  These  parameters  are  based  on 
typical  data  for  comparison  purposes.  The 
stress  levels  are  based  on  long-term  high- 
cycle  operation. 

Table  4.  Flywheel  comparisons,  equal  life 


designs . 


LAMINATED 

ROTOR 

SHAPED 

DISC 

MULTI- 

DRUM 

MULTI- 

DRUM 

MULTI¬ 

DRUM 

j  — ]  . 

. 

[■ . 

1 

material 

STEEL 

STEEL 

E-GLASS 

S-GLASS 

KEVLAR 

SHAPE  FACTOR  K 

0.30 

0.85 

0.  30 

0.30 

0, 30 

MAX.  STRESS/DENSITV  (IN. -LB/LB) 

0.i<9 

0.49 

1-25 

1.90 

2.4 

PERIPHERAL  SPEED  (FT/SEC) 

1260 

2300 

1950 

2200 

2500 

ROTATIONAL  SPEED 

1 .0 

1.0 

1.0 

1 .0 

1.0 

ROTOR  SPECIFIC  ENERGY  (W-HR/LB) 

5.6 

13.1 

11.8 

17-9 

22.6 

ROTOR  ENERGY/SWEPT  VOLUME  (W-HRi,IN.^) 

1.3 

2.  2 

0.  50 

0.75 

0.68 

ROTOR  WEIGHTS  (RELATIVE) 

1.0 

0.43 

0.45 

0.31 

0.25 

APPROX.  CONTAINMENT  WEIGHT 

RELATIVE  TO  CORRESPONDING  ROTOR 

0.1.0 

50 

0.55 

0.81 

1 .0 

FLYWHEEL  ASSEMBLY  SPECIFIC  ENERGY  (W-HR/LB) 

U.C 

2.3 

7.6 

9.9 

11.3 

FLYWHEEL  ASSEMBLY  ENERGY/SWEPT  VOLUME  (W-HR/IN.^) 

1.0 

1.6 

0.39 

0.  58 

0.52 

The  composite  rotors  all  show  a  high 
specific  energy,  with  the  Kevlar  epoxy  rotor 
the  highest  by  a  significant  margin  at  22.6 
w-hr/lb.  The  composite  rotors  require  more 
swept  volume  for  the  same  energy.  Although 
the  rotor  specific  energy  characteristics 
are  of  interest,  the  system  specific  energy 
is  the  main  concern  for  a  vehicle  propul¬ 
sion  system.  For  this  comparison  the  motor, 
gears,  and  other  ancillary  equipment  are 
assumed  constant  for  all  types  of  flywheels. 
The  remaining  significant  weight  component 
is  the  rotor  safety  containment  housing. 

As  seen  in  Table  4,  the  composite  flywheels 
have  a  much  higher  flywheel  assembly  speci¬ 
fic  energy  than  the  steel  flywheels;  in 
fact,  the  Kevlar  flywheel  assembly  has 
almost  three  times  the  specific  energy  of 
the  laminated  disc  assembly.  The  reason 
for  the  low  value  on  the  shaped  steel  disc 
is  the  very  high  containment  shield  weight 
required  for  safety. 

Based  on  this  study  the  composite  fly¬ 
wheel,  especially  the  Kevlar  system,  will 
provide  the  lightest  flywheel  assembly. 


FLYWHEEL  SAFETY 

The  nature  of  a  flywheel  system 
requires  special  safety  considerations,  as 


outlined  in  Table  5.  AiResearch  recognizes 
this  and  addresses  these  problems  both  ana¬ 
lytically  and  experimentally. 

Table  5.  Flywheel  safety  considerations. 


•  Flywheel  Rupture 

•  Minimized  through 
low  stress  design 

•  Containment  -  steel  vs  composite 

•  Test  evaluation 

•  Collision 

•  Energy  management  structure 

•  Test  evaluation 

•  Gyroscopic  moments 

•  Rotor  stiffness  and  strength 

•  Vehicle  stability 


The  basic  philosophy  used  at  AiResearch 
for  the  safety  of  public  transportation  fly¬ 
wheel  rotors  is  that  even  with  conservative 
design  stress  levels  to  minimize  the  prob¬ 
ability  of  rotor  failure,  a  failed  rotor 
must  be  contained  in  the  surrounding  housing 
and  the  housing  structure  must  not  separate 
from  its  mounting  structure. 

It  is  much  easier  to  contain  composite 
flywheel  rotors  than  steel  flywheel  rotors. 
The  failure  mechanism  of  the  composite  is 
such  that  no  large  homogeneous  sharp-edged 
fragments  are  produced  that  require  pier¬ 
cing  containment.  Instead,  small  fiber- 
epoxy  fragments  rub  the  wall,  dissipating 
energy  thermally,  and  the  remaining  energy 
is  contained  by  designing  for  a  hydrodyna¬ 
mic  burst.  The  required  containment  weight 
for  a  composite  flywheel  is  estimated  to  be 
between  15  to  30  percent  of  that  required 
for  an  equal  energy  solid  steel  disc  that 
fails  in  a  tri-hub  burst.  In  addition,  the 
mount  forces  caused  by  momentum  transfer 
from  the  totor  to  the  stationary  housing 
have  been  found  to  be  significantly  less 
for  composite  rotors  than  for  steel.  The 
containment  integrity  of  the  composite 
flywheel  rotor  will  be  confirmed  by 
laboratory  test  before  initiation  of 
flywheel  testing  in  a  vehicle. 

Another  safety  concern  with  passenger 
vehicles  containing  flywheels  is  the  impact 
of  another  vehicle  or  stationary  barrier 
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into  the  flywheel  housing.  AiResearch 
recognizes  this  hazard  and  minimizes  it 
through  crash  energy  management  design  of 
the  flywheel  mount  and  the  vehicle  struc- 
ture.  Final  evaluation  will  be  made  by 
crash  testing. 

Another  special  phenomenon  associated 
with  the  safety  of  high-energy  flywheels 
in  vehicles  is  the  gyroscopic  effect.  The 
magnitude  of  the  gyrosopic  moment  is 
proportional  to  the  product  of  the  flywheel 
angular  momentum  and  the  precession  rate  of 
the  spin  axis.  The  flywheel  hub,  shafts, 
and  bearings  must  withstand  the  gyroscopic 
moments  due  to  the  angular  velocities 
caused  by  vehicle  maneuvers.  Sufficient 
stiffness  must  be  present  to  minimize 
rotor  deflections,  and  sufficient  strength 
must  be  present  to  provide  fatigue  life. 

The  flywheel  spin  axis  in  the  electric 
powered  passenger  vehicle  has  been  orien¬ 
ted  in  the  transverse  direction  and  the 
direction  of  rotation  chosen  so  that  the 
gyroscope  moments  due  to  turning  (yaw) 
will  roll-stabilize  the  vehicle. 


FLYWHEEL  COST 


The  cost  of  a  flywheel  assembly  is 
based  on  two  main  factors :  material  costs 
and  fabrication  costs.  For  preliminary 
comparison,  the  fabrication  costs  per  unit 
weight  are  assumed  to  be  the  same  for  all 
systems,  and  comparisons  are  made  on  the 
basis  of  material  costs  of  the  flywheel 
rotor  and  containment  housing  only. 

Using  the  same  flywheels  previously 
discussed  in  Table  4,  an  estimate  of  the 
material  cost  for  each  system  has  been  made 
as  shown  in  Table  6.  For  all  systems  the 
containment  housing  cost  is  assumed  to  be 
90  cents  per  lb.  The  rotor  material  costs 
shown  in  Table  6  are  based  on  high-volume 
projections  in  the  1980' s;  however,  esti¬ 
mated  costs  are  in  current  dollars.  Kevlar 
fiber,  especially  the  Kevlar-29  that  is 
being  used  in  automobile  tires,  is  expected 
to  drop  in  cost.  The  composite  flywheel 
assemblies  are  estimated  to  cost  less  than 
the  steel  flywheels  when  fabricated  in  mass- 
production  quantities. 


Table  6.  Flywheel  cost  comparisons. 


LAMINATED 

SHAPED 

MULTI- 

MULTI- 

MULTI- 

. 

ROTOR 

DISC 

DRUM 

DRUM 

DRUM 

1  1 

i— 

A 

]  ^ 

^ . ^ 

I 

MATERIAL 

STEEL 

STEEL 

E-GLASS 

EPOXY 

S- GLASS 
EPOXY 

KEVLAR 

EPOXY 

ROTOR  SPECIFIC  ENERGT  (W-HR/LB) 

5.6 

13. 1 

1  1  .8 

17.9 

22.6 

ROTOR  WEIGHT  (RELATIVE) 

1  .0 

0.43 

0.45 

0.31 

0.25 

APPROX.  CONTAINMENT  WEIGHT 

RELATIVE  TO  CORRESPONDING  ROTOR 

0.40 

s.o 

0.55 

0.81 

1 .0 

FLY'WHEEL  ASSEMBLY  SPECIFIC  ENERGY  (W-HR/L8) 

4.0 

2.3 

7.6 

9.9 

li.3 

ROTOR  MATERIAL  COST  (S/LB) 

(COMPOSITE  70%  FIBER,  30%  EPOXY) 

1.00 

1.00 

1 .20 

1.90 

m/" 

FLYWHEEL  ASSEMBLY  MATERIAL  COST  ($/W-HR) 

0.24 

0.42 

0.14 

0.15 

0. 18 

(1)  ASSUMES  KEVl.AR-29  AND  KEVLAFl-ii9  MIXTURE 


(2)  CONTAINMENT  HOUSING,  $0. 90/LB 


CONCLUSIONS 

Flywheel  weight  has  a  cascading  effect 
in  terms  of  the  overall  vehicle  weight. 

For  example,  a  heavier  vehicle  requires  a 
larger  flywheel  and  a  larger  flywheel  adds 
to  vehicle  weight  if  performance  is  to  be 
maintained.  Therefore,  the  composite  fly¬ 
wheel  assembly  (including  rotor  containment) 
has  a  significant  advantage  over  the  steel 
flywheel,  which  resulted  in  its  choice  for 
the  ERDA  electric  powered  passenger  vehicle. 
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AN  ADVANCED  ENERGY  STORAGE  UNIT  FOR 
A  U.S.  POSTAL  SERVICE  DELIVERY  VEHICLE 

D.L.  Satchwell 

AiResearch  Manufacturing  Company  of  California 
Torrance,  California 


ABSTRACT 

This  paper  reviews  steel  flywheel  technology  as  used  in  the  R-32  Energy  Storage 
Cars  for  the  New  York  Metropolitan  Transit  Authority,  the  Advanced  Concept  Train  for 
the  U.S.  Department  of  Transportation,  and  the  Ford  Pinto  Conversion  for  the  University 
of  Wisconsin  and  the  Department  of  Transportation.  It  presents  the  rationale  that  led 
to  the  energy  storage  unit  design  for  the  U.S.  Postal  Service  Delivery  Vehicle,  provides 
details  of  the  system,  and  tells  how  such  considerations  as  safety,  weight,  and 
cost  affect  the  design. 


INTRODUCTION 

This  paper  discusses  the  scope  of  the 
AiResearch  flywheel  energy  storage  experi- 
ence,  reviewing  in  particular  the  steel 
flywheel  energy  storage  unit  that 
AiResearch  is  developing  for  a  U.S.  Postal 
Service  Delivery  Vehicle. 

AIRESEARCH  FLYWHEEL  ENERGY  STORAGE  SYSTEMS 

Figure  1  shows  the  flywheel  energy 
storage  programs  that  have  been  conducted 
or  are  being  conducted  by  AiResearch. 
AiResearch  involvement  in  flywheel  energy 
storage  systems  began  in  1969  with  the 
R-32  rail  commuter  car  program.  Two  R-32 
New  York  subway  rail  cars  were  retrofitted 
with  fl3wheel  energy  storage  devices. 

These  cars  were  run  on  the  Department 
of  Transportation  (DOT)  Pueblo  test  track 
in  1974,  and  were  run  in  revenue  service 
in  New  York  in  1976.  In  1974  AiResearch 
also  began  composite  flywheel  development 
under  a  research  and  development  program 
that  concluded  with  a  lOOO^cycle  test 
of  a  composite  rotor.  These  programs  led 
to  development  of  the  successful  U.S. 

Army  Mobility  Equipment  Research  and 
Development  Command  ( USAMERADCOM 
Kevlar  49  composite  flywheel  in  1977, 
and  the  composite  flywheel  for  the  Garrett 
electric  car  that  will  be  developed  for 
the  Energy  Research  and  Development 
Administration  (ERDA).  AiResearch  conduc¬ 
ted  hydraulic  pressure  burst  tests  and 
spin  burst  tests  of  16-in .-diameter  fly¬ 
wheel  test  rings  for  materials  properties 
analysis  conducted  by  Lawrence  Livermore 
Laboratory  (LLL).  Also  being  studied  is 
the  application  of  composite  flywheels  for 
downhill  energy  storage  for  the  Federal 
Railroad  Administration. 


Fig.  1.  AiResearch  Flywheel  Energy 
Storage  Systems. 


MULTIPLE  DISC  FLYWHEELS 

Following  development  of  the  R-32 
rail  car  flywheel,  AiResearch  introduced 
the  multiple  thin-disc  steel  flywheel 
design  and  applied  it  to  the  Advanced 
Concept  Train  (ACT-1),  the  University  of 
Wisconsin  automotive  (Ford  Pinto)  flywheel 
system,  and  the  Department  of  Transpor¬ 
tation  Urban  Mass  Transit  Administration 
(UMTA)  bus  study.  The  U.S.  Postal  Service 
(USPS)  Jeep  delivery  vehicle  flywheel 
developed  for  ERDA  also  uses  this  concept. 

Four-Disc  Steel  Flywheel.  Figures  2,  3, 
and  4  show  the  NYC  R-32  transit  car,  the 
energy  storage  unit  (ESU),  and  the  actual 
energy  savings.  The  ESU  for  this  car 
incorporates  a  flywheel  with  four  shaped 
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IN  A  CONVENTIONAL  TRANSIT 
VEHICLE  ENERGY  IS  LOST 
DURING  BRAKING.... 


THE  FLYWHEEL  PROPULSION 
SYSTEM  RECOVERS  MOST 
OF  THIS  ENERGY  .... 


ENERGY  RECOVERY  IS 
ACCOMPLISHED  .... 


I 

I 


I 

4. 

V 


Energy  transferred 
to  traction  system 


During  braking 
energy  is  stored 
in  flywheel 


^^4 

Becomes  available 
for  car  acceleration 


THE  TWO  CAR  CONSIST  RECENTLY 
TESTED  ON  THE  NEW  YORK  CITY 
SUBWAY  SYSTEM  SAVED  30%  OF 
THE  ENERGY  CONSUMED  BY 


Fig.  2.  How  R“32  energy  storage  car  saves  energy. 


alternator 


[feature^ 

•  TOTAL  ONBOARD 
.REGENERATION  CAPABILITY 

•  PROVIDES  CONTINUOUS 
AUXILIARY  POWER  SOURCE 

•  ELIMINATES  NEED  FOR 
POWER  ELECTRONICS 

•  CAPABILITY  OF  MOVING 
CAR  TO  SAFETY  IN 
EVENT  OF  POWER 
OUTAGE 


•  ENERGY  STORED  =  3.0  KWH 

•  SPEED  =  14,000  TO  9.800  RPM 

•  NO.OFCYCLES  =  1.28  X  10^  STOP-START. 

3.1  X  10®  100  TO  70 
PERCENT  SPEED 


•SIZE 


=  20  IN.  DIA  BY  9  IN.  LONG. 
740  LB 


•MATERIAL  =  4340  STEEL  FORGINGS, 

156  KSI  MINIMUM  YIELD 
STRENGTH  AT  300° F 


Fig.  3.  R*-32  energy  storage  unit.  Fig.  5.  R  32  ESU  four  disc  steel 

flywheel . 


TEST  SCHEDULE 

LINE 

ENERGY 

SAVINGS 

MILEAGE 

A 

32% 

188 

N 

26% 

92 

E 

31% 

65 

EE 

31% 

82 

AA 

38% 

79 

B 

28% 

210 

D 

27% 

155 

F 

28% 

162 

RJ 

24% 

87 

RR 

28% 

35 

Fig.  4.  R-32  energy  storage  car 

demonstrated  savings  during 
New  York  City  operations. 

steel  discs  (Fig.  5);  the  housing  utilizes 
a  floating  containment  ring  designed  to 
fully  contain  the  flywheel  in  the  event 
of  burst.  The  ESU,  when  used  in  conjunc¬ 
tion  with  the  other  components  of  the 
system  (traction  motors  and  controls), 
results  in  a  savings  of  one  third  of  the 
energy  required  for  a  conventional  transit 
car . 


Multiple  Thin-Disc  Flywheel.  Following 
the  four-disc  flywheel,  AiResearch  intro¬ 
duced  the  multiple  thin-disc  4340  steel 
flywheel  in  the  ACT-1 .  Figures  6  and  7 
show  a  rotor  with  twenty-seven  0.4-in.- 
thick,  23-in. -diameter  discs  shrunk  onto 
an  8-in . -diameter  central  shaft.  A  sig¬ 
nificant  feature  of  this  concept  is  that 
the  containment  ring  required  to  com¬ 
pletely  contain  all  fragments  of  a  pos¬ 
sible  burst  flywheel  can  be  made  thinner 
and  lighter  than  for  the  4-disc  flywheel 
or  for  a  single  flywheel  of  comparable 
energy  storage  capacity.  Figure  8  shows 
a  disc  weakened  to  test  containment 
capability.  With  the  energy  stored  in 
27  thin  discs  instead  of  a  smaller  number 
of  thick  discs,  the  energy  per  disc  is 
greatly  reduced. 

The  multiple  thin-disc  flywheel  con¬ 
cept  has  been  applied  to  the  University  of 
Wisconsin  Pinto  CFig.  9)  and  the  ERDA/USPS 
Delivery  Vehicle. 
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COMPARISON  OF  STEEL  FLYWHEEL  CONCEPTS 


Figure  10  shows  that,  in  spite  of  the 
less  favorable  energy  storage  shape  factor 
of  the  multiple  thin-disc  (laminated) 
rotor,  the  laminated  rotor  flywheel  is  the 
lightest  configuration  when  the  weight  of 
the  housing  required  for  complete  contain¬ 
ment  is  considered. 


Fig.  10.  Flywheel  comparisons. 


ERDA/USPS  DELIVERY  VEHICLE 


Figure  12  shows  the  system  schematic. 
The  flywheel  power  unit  replaces  the 
original  electric  motor,  and  the  flywheel 
assists  the  electric  motor  in  propelling 
the  vehicle,  reducing  the  power  required 
from  the  battery  during  peak-demand  tran¬ 
sient  operating  periods.  The  flywheel  is 
also  used  to  regenerate  the  braking 
energy.  Figure  13  shows  the  relation 
between  flywheel  speed,  motor  speed,  and 
vehicle  speed.  The  electric  motor  drives 
the  vehicle  to  7  mph ,  reaching  its  full 
36,000-rpm  speed.  At  that  point  the  fly¬ 
wheel  fluid  coupling  is  engaged  and  the 
flywheel  is  used  to  drive  the  vehicle  to 
its  33-mph  cruise  speed  through  the 
variable-ratio  V-belt  drive.  The  process 
is  reversed  during  braking;  the  traction 
wheels  supply  energy  to  the  flywheel 
while  slowing  to  7  mph.  Below  7  mph  and 
during  emergency  stops,  the  service  brakes 
halt  the  vehicle.  During  idle,  the  fluid 
coupling  is  disengaged  and  the  flywheel 
is  the  only  component  that  is  rotating. 
Figure  14  shows  energy  required  and 
available  to  accelerate  the  vehicle  to 
33  mph . 


In  the  ERDA/USPS  Delivery  Vehicle 
(Fig.  11)  AiResearch  is  applying  a  multi¬ 
ple  thin-disc  flywheel  energy  storage 
system  to  a  battery-powered  vehicle  to 
increase  its  useable  stop-start  capability, 
useful  range,  and  acceleration  into  traffic 
while  reducing  the  maximum  battery  current 
demand  from  600  amp  to  270  amp. 


FLYWHEEL 


Fig.  12.  ERDA/USPS  delivery  vehicle 
power  train 

Of  particular  interest  is  the  high 
power  feature.  For  added  safety  when 
entering  lanes  of  moving  traffic  and  for 
changing  lanes,  the  flywheel  system  has 
the  power  to  allow  dashes  up  to  40  mph 
(Table  1) . 


Fig.  11.  ERDA/USPS  delivery  vehicle  with 
multiple  thin-disc  flywheel  ESU. 
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Table  1.  ERDA/USPS  delivery  vehicle 
performance  comparison. 


POSTAL  SUPPLIED 

AM  GENERAL  DJ-5E 

IMPROVED  DESIGN 

ACCELERATION 

0-30  MPH  IN  24 SEC 

0-30  MPH  IN  12  SEC 

TOP  SPEED 

32.5  MPH 

32.5  MPH  (40  MPH  DASH} 

GRADEAB1LITY 

10%  GRADE  @14  MPH 

10%  GRADE  @20  MPH 

SIMULATED 
POSTAL  ROUTE 

300  START/STOPS  OVER 
DISTANCE  OF  10  MILES 

500  START/STOPS  OVER 
DISTANCE  OF  14  MILES 

RANGE 

27  MILES  AT  30  MPH 

27  MILES  AT  30  MPH 

MOTOR 

— 

h 

INVERTER 

ON 

OFF 

OFF 

LYULIiMCj- 

FLUID  COUPLING 

OFF 

ON 

ON 

ON 

Fig.  13.  ERDA/USPS  delivery  vehicle 
acceleration-deceleration , 


WORK  REQUIRED  (FT-LB) 

KEx  1.05=  =  129,400 

VEHICLE  DRAG  =  24,600 

154,000x  1.16  =  178.000  TOTAL 

WORK  AVAILABLE  (FT-LB) 


MPH 


By  using  the  fl5rwheel  as  a  power 
booster,  the  vehicle  can  reduce  its  time 
required  to  accelerate  to  33  mph  by  one 
half,  increase  its  number  of  stops  from 
300  to  500,  and  provide  a  dash  capability 
for  lane  changing  in  traffic.  These 
performance  improvements  result  in  a  more 
useful  electric  vehicle  that  overcomes 
some  of  the  limitations  imposed  by 
existing  electric  propulsion  systems. 


Fig.  14. 


Energy  required 
to  33  mph. 


to  accelerate 
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"THE  HIGH^MERGY  "FLYDRAULIC"  ACCUMULATOR 
WITH  HYDRO-COMPUTER  MODULATED  OUTPUT" 


Robert  C.  Clerk 
Research  Consultant 
20  Whitehill  Road 
Whitehill  Industrial  Estate 
Glenrothes,  Fife 
Scotland 


ABSTRACT 

The  Flydraulic  hi^-energy  accumulator  involves  association  of  a  prestressed 
laminated  steel  fl^heel  with  a  specially  developed  hydraulic  pump/motor  having 
complementary  characteristics  and  controlled  in  every  aspect  by  a  hydro-computing 
element  which  assures  an  output  precisely  as  commanded  by  the  operator  or  as 
demanded  by  the  other  system  signals  communicated  in  the  same  hydro-computing 
*  language *•  The  hydro- computer  likewise  controls  regenerating  input  with  negligible 
energy  transformation  loss,  minimises  no-load  running  losses,  prevents  overspeeding, 
and  maintains  constancy  of  performance  throu^out  the  operating  speed  range.  The 
compact  acciomulator  unit  can  incorporate  up  to  six  pump/motor  elements,  circuited  and 
controlled  separately  or  in  combination,  driven  from  the  common  flywheel  sun- gear 
within  the  vacuum  environment,  and  operated  continuously  in  their  overspeed  range  up 
to  200%  above  rated-power  speed.  It  incorporates  a  diaphragm  pressurised  zero-ullage 
reservoir  for  the  vacxium- stripped  working  fluid,  and  a  scavenged  and  evac\iated 
environmental  enclosure  for  the  flywheel  and  the  gearing  to  the  energy  transducing 
hydraulic  pump/motor  within  which  is  inserted  the  hydro-computing  cartridge  which 
controls  the  ultra-low  loss  idle  running,  the  very  hi^  part  and  full  load  efficiencies, 
overspeed  limits,  energy  regeneration  and/or  acquisition  by  integration  with  vehicle 
energy,  and  of  course  the  smoothly  modulated  instantly  responsive  output  of  power. 


hydraulic  power  into  storable  kinetic 
energy  or  conversely  transmuting  the 
stored  inertia  energy  to  a  precisely 
modulated  output  of  hydraulic  power 
in  response  to  demand  or  to  internal 
hydraulically  computed  requirement. 

The  pump/motor  researched  and 
developed  specially  for  this  application 
and  described  in  my  other  paper  "An 
Ultra-Wide  Speed  Range  High  Efficiency 
Hydraulic  Pump/Motor  Power  Transmission", 
had  to  meet  criteria  beyond  current 
practice;  ultra- low  rotation  losses, 
continuous  operation  at  high  overspeeds, 
low  wei^t  and  cost,  hi^  efficiency 
and  power  throughput,  quiet  with  low 
pulse  signature,  and  lend  itself  to 
hi^-production  manufacturing  and 
assembly  techniques.  These  features 
made  it  also  ideally  suited  as  comple- 
Smentary  system  elements,  such  as 
primary  or  prime  mover  pump,  and  out¬ 
put  drive  or  propulsion  motors  identi¬ 
cal  save  for  the  small  inserted 


PREFACE 

As  a  result  of  protracted  studies 
aimed  at  a  rapid  recharge  short-term 
hi  ^-energy  hi^-power  accumulator  with 
efficient  energy/power  transmutation  it 
was  decided  that  an  inertia/hydraulic 
configuration  offered  the  best  commercial 
possibilities,  granted  optimised  comple- 
:mentary  elements  mi^t  be  available. 

The  Inertia  Element  To  ensure  minimxim 
installed  bulk  as  well  as  low  wei^t  the 
selected  inertia  element  is  a  pre stressed 
laminated  flywheel,  of  hi^  integrity  but 
low  production  cost,  rotating  about  a 
vertical  axis  within  an  evacuated  casing 
as  described  in  my  other  paper  "The 
Prestressed  Laminated  Flywheel  and  its 
Hydro  vac  Ambience". 


drives  or  is  driven  by  a  variable  dis¬ 
placement  hydraulic  pump/motor  as  the 
energy/power  transmuting  element  capable 
of  converting  an  incoming  supply  of 
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programmable  hydraulic  function  designator* 

”Flvdraulic”  Accumulator  Apnlications 
This  "Flydraulic”  (flywheel/hydraulic) 
high-energy  accumulator  will  have 
application  in  many  industrial  spheres  such 
as  tidal  barrage,  tower  cranes  and 
elevators,  peak- lopping  storage  altern¬ 
ators  and  **nO“break”  sets,  rolling  mills 
and  heavy  duty  presses,  haulage  '^donkey 
engines^^  and  dragline  excavators,  suburban 
railway  accelerate /re generate  boosters, 
airplane  fast-taxi  tractors  and  off-road 
vehicles  but  primarily  to  very  hi^ 
production  automotive  road  vehicles  to 
which  it  is  particularly  applicable , 
whether  as  non-polluting  pure- storage 
propulsion  systems  or  as  regenerative- 
transmission  performance-boosters  in 
prime  mover  powered  vehicles  which 
are  thereby  endowed  with  perfectly 
modulated  ’^stepless'^  full  range 
acceleration  and  gradient  siirmounting 
of  a  very  hi^  order,  without  appreciable 
effort  by  the  prime  mover  engine,  manage¬ 
ment  of  which  is  controlled  by  the  internal 
hydraulic  computer  to  optimise  its  efficient 
operation* 

Flvdraulic  Accumulator  Propulsion  SYst_e.ms. 
Such  a  system  can  vary  all  the  way  from 
the  momentary  boosting  of  an  already  hi^ 
powered  system,  throu^  systems  having  less 
installed  power  and  using  more  boosting, 
throu^  systems  where  the  accumulator 
provides  the  prime  power  output  and  the 
installed  power  is  used  to  provide  more 
or  less  continuous  "charging”;  finally 
at  the  end  of  the  line  the  accumulator 
provides  the  entire  power  output  and,  as 
power  generation  will  have  been  deleted 
from  the  vehicle,  recharging  is  effected 
from  fixed  service  bases  (sited  say  at 
normal  filling  stations) ,  where  a  full 
recharge  can  be  effected  automatically 
in  2  or  3  minutes,  or  from  an  emergency 
service  vehicle* 

As  this  propulsion  system  provides 
controlled  braking  retardation  with 
energy  recovery  retiorned  to  the 
accTimulator  at  a  hi^  regenerative 
efficiency,  the  total  energy  degrad¬ 
ation,  or  the  energy  which  must  be 
supplied  by  the  installed  or  ancillary 
power,  is  entirely  related  to  vehicle 
wind  and  rolling  resistances  and  trans¬ 
mission  efficiencies,  and  not  at  all  to 
acceleration  and  deceleration  which  are 
generally  accepted  as  prodigal  of  energy* 


Of  course  for  any  system  to  be  accept¬ 
able,  high  efficiency  must  go  hand-in-hand 
with  low  noise,  lower  than  existing 
hydraulic  equipment  standards  and  therefore 
an  important  development  area.  But  for  a 
total  energy  system  the  virtual  eliminr- 
ation  of  idle  running  losses  in  the  oper¬ 
ating  speed  range  is  probably  the  most 
critical  development  characteristic. 

Pre-history  It  should  here  be  pointed 
out  that  iiy  predilection  for  a  flywheel- 
hydraulic  system  ante-dates  our  "Gyreacta" 
flywheel-mechanical  transmission  which  was 
bom  into  a  national  emergency  of  the  1950 ’s 
which  later  evaporated.  Unfortunately  no 
suitable  hydraulic  equipemtn  was  available 
and  the  urgency  of  the  situation  would  not 
allow  of  either  time  or  money  being  divert¬ 
ed  to  hydraulic  research;  just  a  headlong 
rush  to  develop  the  mechanical  solution. 

It  was  more  than  10  years  before  I 
was  contractually  free  to  review  the 
project  studies  and  again  reached  the 
conclusion  that  flywheel-hydraulic  was 
the  ri^t  approach  and  that  the  comple¬ 
mentary  hydraulic  pump/motor,  thou^ 
still  not  procurable ,  was  feasible  and 
market  research  showed  it  would  be  worth 
the  development  effort. 

This  has  proved  to  be  so  but  it  has 
also  shown  us  that,  however  good  the  basic 
elements  of  any  system  are,  they  will  be 
ineffective  without  complementaiy  system 
integration  and  control  best  suited  to 
operator  requirements,  convenience  and 
comfort.  Until  now,  hydraulic  system 
controls  have  been  buUy”  and  clumsy 
whether  viewed  from  the  physical  or 
sensory  aspect* 

Consequently  considerable  research 
was  devoted  towards  the  achievement  of  an 
integration  and  control  system  which,  al- 
thou^  far  from  strai^t  forward  in 
programming  grasp,  is  mechanically  so 
simple  and  small  in  size  it  can  fit  into 
any  odd  comer  of  each  of  the  basic  ^stem 
elements  endowing  them  with  "identical 
twin"  interrelationship  althou^  Pro¬ 
grammed  for  diverse  function* 

THE  BASIC  ACCUMULATOR 

Fig.  1  shows  a  representative  Flydraulic 
accumulator  with  pre stressed  laminated  fly¬ 
wheel  located  vertically  by  hydrostatic 
footstep  thrust  support  and  inverted  journal 
bearing  in  a  radially  convoluted  casing 
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serving  as  a  drainage  sump  from  which 
effluent  oil  is  scavenged  and  a  vacciiity 
maintained  by  a  modular  gear-motor/ gear- 
pTzmp  of  minimal  dimensions.  The  flywheel 
is  close- shrouded  by  sheet-metal  guards  to 
prevent  energy  loss  to  the  drainage  oil, 
and  its  upper  stubshaft  is  fitted  with  a 
driving  gear  which  mates  with  one  or  more 
gearwheels  journalled  in  the  upper  casing. 

A  quill  sleeve  connects  the  or  each 
gear  wheel  to  a  vertical  pump/motor  with¬ 
out  any  sealing  arrangement  so  that  pump/ 
motor  leakage  drains  directly  into  the 
flywheel  casing  and  the  interior  of  the 
pmp  is  subject  to  the  vaccuous  ambience. 
To  conform  with  the  3  1  working  speed 
range  of  the  flywheel,  the  pump/motor  is 
designed  to  operate  continuously  within 
the  200%  overspeed  limitation  above 
rated  power  speed  with  its  displacement 
fully  variable  from  zero  to  rated  delivery 
under  control  of  a  modular  hydro-comput¬ 
ing  element  which  will  have  been  pro¬ 
grammed  to  accept  the  operator *s  command 
and  a  wide  selection  of  other  pertinent 
data  i^or  processing  and  activation  as 
later  described. 

The  pujTip/motor(  s)  is  submerged 
within  the  oil  reservoir  the  bottom  of 
which  is  formed  by  the  flywheel  upper 
casing  and  otherwise  closured  by  a  bell 
casing  incorporating  a  manifold  facing(s) 
to  mate  with  the  top  face(s)  of  the 
pump/motor(s) .  The  reservoir  has  zero 
ullage,  fluid  expensions  being  taken  care 
of  by  an  insert  flexible  air-bag  which 
also  serves  to  pressurise  the  vacuunH 
stripped  working  fluid  in  the  reservoir. 

Although  the  flywheel  and  pump/raotor 
casings  are  designed  for  diecasting  in 
Aliiminiura  alloys  the  shrinkage  allowances 
and  the  scantling  stresses  allow  substitu¬ 
tion  of  Magnesium,  cast-iron,  steel  or 
bronze  from  the  same  casting  dies  or  sand 
patterns.  In  fact  the  first  operational 
Flydraulic  accumulator  units  will  embody 
cast-iron  external  casings  to  comply  with 
hazardous  operational  conditions,  also 
aided  by  the  fully  hermetic  casing 
envelope  devoid  of  mechanical  connect¬ 
ions  and  their  leak-prone  seals. 

The  effective  storeable  energy  rat¬ 
ing  of  a  Flydraulic  accumulator  is 
determined  by  the  density,  dimensions  and 
speed  range  of  the  flywheel  and  the 
hydraulic  power  input/output  capacity  by 
the  maximum  displacement ,  pressure  and 
rated  speed  of  the  pump/mo tor(s)  which 
is  (are;  matched  to  the  flywheel  by  the 


gearing  such  that  rated  pump  speed  equates 
to  one- third  of  flywheel  maximum  operation¬ 
al  energy  speed  at  which  the  pump/motor 
would  therefore  be  running  200%  overspeed. 

It  is  important  to  appreciate  that 
the  accumulator  provides  a  hydraulic  power 
output  precisely  as  demanded,  both  as  to 
pressure  and  delivery,  so  that  there  needs 
be  no  efficiency  loss  in  accommodating  the 
output  to  any  pressure  requirement  of  the 
recipient  apparatus  within  the  dictates 
of  the  operator.  Conversely,  incoming 
hydraulic  power,  regardless  of  its 
pressure/flow  relationships,  will  be 
efficiently  transmuted  by  the  pump  in 
motoring  regime  for  acceptance  into  kinetic 
storage,  thanks  to  the  self-modulating 
control. 

ACCUMULATOR  SIZE  RANGE 

Being  developed  is  a  range  of 
pressed  lamination  flywheels  of  diameters 
from  18^’  to  42"  in  6"  increments,  with  the 
possibility  of  48"  still  being  discussed, 
utilising  both  cold  worked  low  Carbon  steel 
and  the  more  costly  hi^-fatigue  steels. 
These  will  offer  effective  energy  capcities 
(■8/9ths  of  maximum)  of  from  -g-  kWh  to  44  kWh 
(or  to  66  kWh  nett  for  the  48")  in 
Aluminium  alloy  casings  which  will 
accommodate  one  or  more  pumps  of  different 
sizes  and  outputs.  For  example,  the  18" 
flywheel  offering  from  i  kWh  to  3  kWh 
could  be  mated  to  pump/notors  providing 
from  20  kW  to  600  kW  output  whereas  the 
42"  offering  from  5  kWh  to  44  kWh  can 
provide  up  to  4000  kW  output,  and  for  a 
representative  output  of  500  kW  wei^s 
4120  lb  w^t  for  hipest  energy. 

Sizes  above  48"  diameter  will  be 
customised  using  flow- turned  or 
explosively  formed  laminations  in  sizes 
up  to  5  metres  diameter  (the  limit  of 
our  present  studies)  for  energies  up  to 
4500  kWh.  However,  in  general  it  would 
appear  rnuch  more  cost-effective  to 
multiplex  the  smaller  standardised  unit 
programmed  to  operate  in  unison  or  in 
cascade,  this  offering  the  further 
advantage  that  individ-ual  unit  can  be 
pulled  for  servicing  without  disrupt¬ 
ion  to  normal  operations. 

The  companion  paper  the  planned 
range  of  pump/motors,  customised  above 
9/25  size  and  this  may  be  read  in 
conjunction  with  Table  A  of  ny  flywheel 
paper  to  gain  some  idea  of  the  possible 
build  variations.  However  consideration 
should  be  given  to  the  fact  that,  in 
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going  for  low  output  capacity,  the 
correspondingly  low  input  capability  will 
result  in  extended  recharging  time  and/or 
inability  to  accept  regenerated  energy  as 
quickly  as  the  system  retardation  demands, 
this  latter  usually  being  the  deciding 
factor  in  any  regenerative  transmission 
application, 

APPLICATION  MCILLARIES 

However,  an  overriding  advanta^ 
in  many  such  applications  could  be  the 
production  and  spares  commonality 
achieved  by  incorporating  identical  pump/ 
motor  units,  individually  programmed  in 
their  hydro-computer,  inserts  to  perform 
the  appropriate  system  function  as  work¬ 
load  or  vehicle  transaxle  motors,  or  as 
prime  mover  engine  power  pump,  as  well 
as  flywheel  pump/motor.  We  are 
developing  such  a  transaxle  in  which 
identical  motors,  mounted  side-by-side  or 
siamesed  to  share  a  common  distribution 
manifold,  drive  each  wheel-driving  half¬ 
shaft  separately  controlling  wheelspin  as 
well  as  wheel- lock  during  hydro-retarder 
or  regenerative  braking, 

ENERGY  RESERVES 

In  automotive  application  of  the 
accumulator  an  allowance  should,  be  made, 
over  and  above  the  vehicle  kinetic  cycle, 
for  the  potential  energy  to  surmount  or  be 
regenerated  from  roadway  gradients  of 
reasonable  altitude  difference.  Usually 
expressed  as  a  percentage  reserve,  addition¬ 
al  to  vehicle  energy  at  maximiam  wei^t  and 
operating  speed,  it  serves  to  determine  the 
accumulator  net  energy  capacity  (8/9ths 
of  gross)  for  any  application  and  the 
most  appropriate  fl^heel  dimensions  as 
beascertained  by  reference  to  Table  A, 

The  latitude  in  allowable  laminar 
thickness  can  often  be  used  to  good  effect 
in  adapting  the  same  basic  accumulator 
to  other  vehicles  in  the  model  range. 

Fig,  1  shows  a  representative  automobile 
accumulator  using  the  same  pump/motor 
unit  as  the  engine  driven  pump  and  the 
transaxle  motors  of  a  hydrostatic 
automatic  transmission  which  shows  to 
advantage  even  without  addition  of  the 
(optional?)  accumulator.  Incidentally, 
dimensionally  identical  pump/motors 
are  designed  to  provide  a  similar  cost- 
effective  latitude  in  performance 
“stretch"  (of  the  order  of  S7%)  to 
accommodate  to  a  model  range, 
production  changes  Joeing  limited  to 
alternative  materials  and  surface 


finishes  primarily  affecting  life, 

ACCUMULATOR  LOSSES  AND  EFFICIENCIES 

The  Flydraulic  accumulator  is  subject 
to  losses  from  three  quite  distinct  operat¬ 
ing  aspects,  charged  idle  running  whilst 
awaiting  a  demand  for  power,  power 
production,  and  regenerative  charging. 

Idle  Running  Losses  For  the  first  aspect, 
losses  arise  from  three  sources,  flywheel 
"windage"  drag  and  bearing  losses  already 
covered  in  my  other  paper,  gearing 
lubrication  and  bearing  losses  which  can 
be  taken  as  0,05^  of  installed  output 
power  rating  as  a  good  yard-stick,  and 
pump/motor  over speed  rotation  and  control 
priming  losses.  These  last  will  of 
course  depend  upon  the  size  of  piimp 
selected  to  meet  the  output  requirement, 
but  as  pump  speed  is  inversely  related  to 
size,  the  rubbing  speeds  are  of  the  same 
order  for  pumps  of  all  sizes  at  the  same 
rating  level  and  therefore  the  fluid  film 
shear  values  will  be  the  same  but  acting 
over  an  area  greater  as  the  square  and 
at  a  torque  radius  varying  directly  with 
dimension  and  at  a  speed  inverse  to 
dimension.  As  a  result  shear  power  loss 
will  increase  as  the  square  of  pump  dimen¬ 
sion  and  as  the  1,8  exponent  of  rated 
speed. 

In  the  case  of  the  9/25  pump/motor, 
the  power  required  to  rotate  it  (exclusive 
of  the  temporary  priming  mini  pump  of 
proprietary  manufacture!  is  0,51  H,P,  at 
2500  Rpm  at  an  oil  viscosity  of  4*5  micro- 
reyns,  and  3*03  H,P,  at  7500  Rpm.  At 
the  higher  rated  speed  of  3000  Rpm  it  is 
0,71  H,P,  and  at  9000  Rpm  4.2  H,P.  In 
each  case  we  feel  we  have  optimised  the 
losses  at  rated  speed  but  that  the 
over speed  losses  will  yield  to  further 
development  of  the  swash-plate  support 
thrust  and  the  portface  counter- thrust 
idle  clearance  control.  Development 
of  our  hi^-helix  priming  mini-pump  is 
not  scheduled  until  February  197S  well 
in  advance  of  first  deliveries  of  the 
IS  kWh  400  H,P,  accumulator,  as  again¬ 
st  earlier  pump/motors  which  demand  no 
overspeed  characteristic. 

Power  Production  Losses  During  power 
delivery  there  are  no  additional  losses 
attributable  to  the  flywheel  and  its 
immediate  ancillariesS  in  point  of  fact 
there  will  be  a  reduction  of  losses  as 
the  flywheel  reduces  speed  with  impart- 
©drenergy.  Power  transmission  loss  for 
the  low-helix  gear  contact  and  the 
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angled  ball  locating  bearings  as  be  taken 
as  1,15%  of  transmitted  power,  and  for 
the  p-ump/motor  as  3.875%  additional  to  the 
idle  rotation  losses. 

Regenerating  Power  Losses  Whilst 
recharging  and  during  regenerative  braking, 
the  hydraulic  power  arriving  at  the 
accumulator  will  be  subject  to  a  similar 
transmutation  loss  of  3.875%,  plus  rotat- 
tion  0,1%  of  installed  rating  rising  to 
0,6%  at  maximum  energy  speed;  also  a 
gearing  loss  of  1,15%  rising  to  1,2% 
before  the  residual  power  less  the 
flywheel  rotation  loss  is  applied  to 
accelerate  the  flywheel  to  hi^er  energy. 
Installed  rating  is  the  power  transmitted 
by  a  pump/motor  at  its  median  operating 
pressure  limit  and  displacement  when 
rotating  at  one  third  maximum  geared 
speed;  thus  the  installed  rating  of 
the  400  (specification)  9/25  pump/ 

motor  is  500  H,P,  but  program  controlled 
to  the  specification  limit. 

NCN-MOBILE  ACCUMULATOR  APPLICATIONS 

Althou^  high-pressure  hydraulic 
accumulators  have  been  available  for 
decades,  for  the  majority  of  applications 
the  non-availability  of  a  modulatable 
delivery  pressiire,  and  the  consequent 
enormous  losses  in  reducing  the  pressure 
to  requirement,  have  lost  such 
applications  to  alternative  sub- 
disciplines.  Even  to  make  use  of 
pressure  accumulator  delivery  at  the 
storage  pressure,  one  is  saddled  with 
banks  of  back-up  air  bottles  to 
minimise  the  reduction  in  storage 
pressure  with  delivery. 

However,  the  Flydraulic 
accumulator  provides  the  precise 
p re sure  and  delivery  demanded  of  it 
with  minimal  loss.  These  losses 
are  approximately  5%  of  power  input/ 
output  plus  a  time-lapse  loss  of 
approximately  6%  of  instantaneous 
storage  level. 

Tower  Cranes  Tower  cranes  are 
usually  electrically  powered,  with 
separate  motors  for  luffing,  reaching 
and  lifting,  the  last  demanding  the 
hipest  power,  over  IDOKW,  They 
require  a  substantial  counterwei^t 
to  the  jib;  usug^lly  an  idle  lump  of 
concrete.  Tower  cranes  often  operate 
in  a  pristine  wilderness  remote  from 
3-phase  electricity  mains,  althou^ 
a  single-phase  service  line  is  usually 


brou^t  in  free.  Tower  cranes  operate  a 
work-duty  (working  load  x  time  vs 
installed  power)  of  seldom  more  than  6% 

A  counter-positioned  Flydraulic 
accumulator  is  charged  by  a  continuously 
running  pump  powered  by  a  small  single - 
phase  electric  motor.  Hydraulic  circuitry 
is  simplified  by  incorporatin  multiple 
satelite  pumps  in  the  accumulator,  for 
luffing,  reaching  and  lifting,  plus  one 
motor  to  accept  the  continuous  hydraulic 
charge . 

The  accumulator  reserve  beyond  unit 
work-cycle  may  be  increased  to  cater  for 
line  breaks  in  the  electricity  service, 
which  therefore  will  not  inconvenience 
the  all-hydraulic  working  of  the  crane. 

In  fact,  it  would  be  practical  to  provide 
12  hour/day  working  capacity,  with  12  hour/ 
overnight  charging, 

Flvdraulic/Electric  AC  Storage  AC  stor¬ 
age  is  industrially  attractive,  both  for 
peak  lopping  and  ’^no-break”  services. 

The  eq^uipments  to  achieve  these  are  large¬ 
ly  similar,  comprising  a  pre stressed 
laminated  flywheel  driving  (or  being  driv¬ 
en  by)  a  variable  axial  pump/motor 
coupled  to  a  substantially  identical 
motor/pump  driving  (or  driven  by)  a 
synchronous  alternator, 

”NQ-Break”  AC  Sf^ts  Generally  of  smaller 
capacity  than  peak- lopping  sets,  the 
”No-Break”  set  can  usefully  take 
advantage  of  the  byproduct  accumulators 
of  high- volume  automotive  production 
whose  vertical  axis  construction 
advantages  floor  space  requirement. 

Standard  modules  might  provide  25  kWh 
storage  4OO  output,  using  a  42^* 

9/25  accumulator  to  power  a  9/25  motor/ 
pump  and  synchronous  2-pole  alternator. 

The  synchronous  alternator  would  be 
tied  to  mains  frequency,  motoring  the  set 
with  just  enough  power  to  meet  system 
losses.  At  mains  failure  it  would  with¬ 
out  phase  slip  provide  cxirrent  to  all  the 
priority  services  in  its  circuit, 
maintaining  frequency  by  memory  unit 
until  the  mains  were  restored. 

Used  pTirely  as  a  *^No-Break**  set 
the  duty  utilisation  mi^t  be  nil,  so 
it  wou^  be  economic  to  combine  the 
”No-Break"  facility  with  excess  demand 
peak  lopping**  thereby  reducing 
electricity  charges. 
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”Peak  Lopping”  AC  Storage  Systems 

General  sector  applications  rated  in  kWh 
storage  capacity  rather  than  public 
sector  MWh  are  principally  being  studied. 
Early  work  was  directed  to  large  hori¬ 
zontally  alignments,  but  subsequent  work 
on  ’*No-Break"  sets  showed  advantages  in 
vertical  alignment  of  the  flywheel/ 
hydraulic  acciimulator  elements,  at  least. 

The  laminations  for  large  flywheels 
must  either  be  flow- turned  (machine  spun) 
or  explosive- formed  as  discussed  else¬ 
where;  however,  it  should  be  appreciated 
that  sheer  size  is  not  necessarily  an 
advantage  as,  due  to  the  synchronous 
tie,  any  number  of  smaller  units  can  be 
multiplexed  to  provide  the  same  energy 
and  output  with  better  serviceability. 

Or  multiplexed  volume  production 
accumulators  could  power  fewer  alter¬ 
nators,  their  hydraulic  computing 
controls  being  programmed  to  cascade 
in  response  to  changes  in  electrical 
demand . 

Exemplary  to  the  larger  sizes, 
a  12  ft.  flywheel  might  wei^  up  to 
60  tons  and  have  an  effective  storage 
capacity  of  1000  KWh  and  say  800  KW 
electrical  output.  But  forty  size 
42”  accumulators  driving  four  250  kVA 
alternators  would  certainly  cost  less; 
and  there  is  safety  in  numbers;  and 
better  serviceability. 

Industrial  Drives  Some  industrial 
processes  with  a  high  power  require¬ 
ment  have  an  intermittent  or  cyclic 
peaking  demand. 

Rolling  mills  employ  very 
costly  Ilgner  flywheel/electric 
sets  to  meet  the  peak  demands  when 
the  cogged  billets  are  introduced 
to  the  primary  rolls,  A  hydraulic 
mill  drive  with  Flydraulic 
accumulators  would  provide  a  vastly 
superior  performance  at  greatly  reduced 
capital  cost  and  use  only  a  fraction  of 
the  floor  space. 

Industrial  Thrusters  Hydraulic 
thrusting  rams  or  cylinders  pose  a 
sli^tly  different  problem  in 
applying  the  Flydraulic  accumulator 
which  is  basically  intended  for 
circulatory  flows. 

To  complement  the  pressure  fluid 
transferred  from  the  Fl^raulic 
accumulator  in  displacing  the  ram  or 
cylinder,  a  much  larger  hermetic 


reservoir  is  necessary,  with  a  rolling 
diaphragm  to  fill  the  void  left  by  the 
migrant  fluid,  without  ingress  of  air, 

Drag-Line  Haulages  Drag-Lines  may 
be  hauled  either  by  motor  driven  cable- 
drum  or  by  multi-reeved  pulley  blocks 
extended  by  a  thrusting  ram. 

The  former  arrangement  would  be  the 
more  convenient  to  the  standard 
Flydraulic  accumulator,  whereas  the  latter 
would  demand  the  large  reservoir  with 
rolling  diaphragm. 

Barrage  Sluice  Control  The  juxta¬ 
posed  semi-rotary  sluices  of  an 
estuary  barrage  are  preferably  operated 
in  unison,  but  the  spasmodic  power  require¬ 
ment  can  represent  a  considerable  draw 
upon  the  electricity  mains. 

The  Flydraulic  acciomulator  provides 
a  means  whereby  this  hi^  power  draw  can 
be  isolated  from  the  mains  and  by  cir¬ 
cuiting  the  sluice-driving  hydraulic 
motors  in  series  all  the  sluices  would 
operate  synchronously, 

MOBILE  ACCUMULATOR  APPLICATIONS 

These  we  will  consider  as  three 
groups;  those  vehicles  utilising  service 
base  charged  pure  accumulator  propulsion, 
those  hybridised  with  an  on-board  charg¬ 
ing  engine  (A.P.U.),  and  those  in  which 
the  accumulator  is  used  to  boost  the 
ow-tput  of  a  normal  prime  mover  engine 
whose  power  is  transmitted  to  the 
vehicle  wheels  by  a  hydrostatic  auto¬ 
matic  transmission  comprised  of  an 
engine  driven  hydraulic  pump  and  either 
a  unitary  hydraulic  motor  driving  the 
Cardan  shaft  of  a  live  rear  axle,  or, 
preferably,  a  remote  frame  mounted 
transaxle  with  two  motors,  each 
independently  driving  a  half- shaft. 

All  pumps  and  motors  in  the  system 
will  have  an  inserted  hydro- computing 
module  slaved  to  the  accumulator  p\imp/ 
motor  module  as  i^stem  master, 

PURE  ACCUMULATOR  MOBILES 

Where  atmospheric  levels  of 
pollution  are  critical  as  within  city 
limits,  or  where  it  is  difficult  or 
costly  to  install  a  secondary  prime 
mover  engine,  it  is  possible  to  instaH 
energy  storage  capacity  to  meet  all 
propulsion  and  ancillary  needs  of  a 
vehicle  excepting  possibly  air- 
conditioning. 
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City  Bus  (With  Terminal  Recharge) 

There  is  no  problem  in  providing  hi^ 
performance  multi- stopping  pure 
accumulator  propulsion  for  a  city  bus 
over  a  route  of  up  to  15  miles  as  the 
retard  regeneration  efficiency  if  such 
that  the  overall  energy  requirement  will 
be  less  than  non-stop  at  higher 
average  running  speed. 

But  lighting  and  air-condition¬ 
ing  over  the  longer  journey  time  of 
multi- stopping  become  critical.  At 
12  miles  between  terminals  the  maximum 
lighting  loads  would  be  acceptable,  but 
hi^  temperature-differential  air- 
conditioning  would  demand  recharging 
every  4  night-time  miles,  or  provision 
of  a  thermal  generator  for  air- 
conditioning. 

Terminal  recharging  would  be  fully 
automatic  when  the  bus  was  driven  into 
the  charging  bay  of  the  service 
installation  as  described  later. 

City  and  Suburban  Delivery  Vans 

Battery-Electric  powered  floats  cover 
very  short  stage  distances  between 
protracted  stops.  Delivery  vans 
operate  over  greater  stage  lengths 
where  the  Battery- Electric  ceases  to  be 
cost-effective  due  to  poor  accelerative 
and  regenerative  performance  and 
inability  to  operate  a  full  day  schedule 
without  recharge  or  battery  exchange. 

A  Flydraulic  pure- accumulator 
powered  delivery  van  would  suffer  no 
performance  limitation,  and  when  it 
needed  recharging  could  be  replenish¬ 
ed  in  2  minutes  from  an  automatic 
drive-in  hydraulic  charging  facility. 

It  could  be  front  mounted  allowing  a 
low  loading  floor  area,  the  cab  seats 
would  be  over  the  front  drive  trans¬ 
axle  and  an  B”  hi^  step-in  cab  floor 
ahead  of  the  driving  wheels  would 
obviate  the  operators  hoisting  their 
own  weight  at  every  re-entry. 

Self  Energising  Trailers  For 
transporting  frei^t  over  poor  roads, 
additional  traction  at  the  trailer 
wheels  of  a  tractor/trailer  haulage 
vehicle  equipped  with  hydraulic 
transmission  is  possible  merely  by 
equipping  the  trailer  with  a  hydraulic 
transaxle  having  hydraulic  connections 
to  the  tractor *s  power  system. 
Unfortunately  such  mainline  connections 
(power  and  return)  are  a  bugbear  in 
service  and  unacceptable  to  operators. 


However,  replacing  the  mainlines 
to  the  trailer  by  a  Flydraulic  accumulat¬ 
or  its  self-computing  control  system 
could  be  programmed  without  any  control 
connection,  or  with  such  that  any 
acceleration  gradient  initiated  by  the 
tractor’s  propulsion  ^stem  would  be 
instantaneously  imitated  by  the  trailer’s 
accumulator  propulsion  with  a  lag/lead 
accelerate/decelerate  relationship  to  the 
trailer’s  accumulated  energy. 

From  ’’dead”  start  the  tractor  will 
accelerate  the  vehicle  without  trailer 
assistance,  but  each  brake  application 
would  re gene natively  part-energise  the 
acciamulator  which  would  then  progress¬ 
ively  increase  its  tractive  contribution. 

Alternatively  the  trailer  can  be 
precharged  from  the  tractor  by  ’’jumper” 
connections.  Conversely  residual  energy 
in  the  trailer  could  endow  the  parked 
trailer  with  self-motivated  ’’positioning” 
capability. 

Self  Energising  Automotive  ’’Dead  Axles” 
Similarly  to  above,  unassociated 
accumulator  propulsion  can  be  applied  to 
the  normally  non-driven  wheels  of  a 
vehicle  without  any  power  connection  with 
worthwhile  improvement  to  performance  and 
fuel  efficiency. 

Golf  Buggy  A  quick-charge  hydraulic 
golf  buggy  is  a  fascinating  prospect  - 
but  grossly  overpowered  even  with  our 
minimuni  equipment, 

Undergroxmd  and  Safety  A-pea  Haulage  An 
accumulator  powered  low-headroom  tractor 
for  mine  haulage  is  lander  construction. 
Except  for  its  Hating  system  it  will 
be  completely  non-electric  and  there¬ 
fore  safe  in  hazardous  atmospheres;  also 
its  smoothly  modulated  acceleration 
would  obviate  the  sequential  snatch 
normally  evident  with  wagon- train 
couplings , 

MERGY  CHARGING  SERVICES  FOR  PURE 
MOBILES 

Pure  accumulator  mobiles  will  only 
be  acceptable  if  their  recharging 
facilities  are  convenient |  quick,  clean 
and  efficient.  Convenient  means 
strategically  located  according  to 
operational  usages  quick  means  compar¬ 
able  to  a  gas  station  fill-up;  clean 
means  no  messing  about;  and  efficient 
means  effortless  and  cost-effective. 
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Automated  Drive-In  Charging 

Applicable  both  to  haulage  terminal 
and  gas  station  fore-court,  the 
automated-connector  drive-in  charging 
bay  with  back-up  oil  conditioning, 
power  production  and  energy  storage,  has 
been  carefully  studied. 

As  a  result  it  was  decided  to 
break  the  system  down  into  four  ai’eas, 

(iJ  the  oil  conditioning  section; 

(2)  hydraulic  energy  generation; 

(3)  energy  storage;  (4)  transfer 
connections. 

Oil  Conditioning  Charging  a 
Flydraulic  accumulator  from  a 
service  plant  includes  flushing  the 
accumulator  reservoir,  so  the 
conditioning  plant  comprises 
filtration,  vacuum  stripping,  and  a 
holding  reservoir  with  vacuum  environ¬ 
ment. 

Hydraulic  Power  Generation  A 
reservoir  feed  pump  passes  fluid  to  an 
electrically  driven  hi^  pressure  pump 
equated  to  averaged  vehicle  charging 
service. 

Energy  Storage  The  pressure  pump 
charges  one  or  more, Flydraulic 
accumulators  some  of  which  may  be  shut 
down  during  slack  periods  and  reactivated 
by  anticipatory  time  control  associated 
with  a  demand  integrator. 

Transfer  Connections s  Self-Seeking  Probe 
and  Drogue  Connection  of  hydraulic 
power  delivery  and  return  flow  must  be 
effected  without  ingestion  of  air, water 
or  other  pollutants,  without  oil  leakage 
or  dribble  when  uncoupling,  and  should 
be  accomplished  without  hiiman  intervention 
or  assistance,  other  than  normal  driving 
control  of  the  vehicle  requiring  charge. 

Any  participating  vehicle  must  be 
fitted  with  standarised  complementary 
self- sealing  connectors  protected 
from  weather  and  road  detritus  and 
located  at  the  front  of  the  vehicle 
which  will  be  driven  head  on  into  the 
charging  bay. 

The  servicing  charge  connectors 
are  a  pair  of  “probes'*  and  the  vehicle 
receptors  become  the  “drogues"  or 
female  connections  complete  with 
terminal  guidance  cones.  The  probes 
are  maintained  parallel  at  standard 
centres  allowing  limited  freedom  in  roll 
and  in  fore  and  aft  compliance. 


Articulating  on  a  compount  trapeze 
with  xmderslung  transverse  beam  carrying 
spaced  vertical  spindle  waisted  rollers 
for  engagement  by  the  vehicle  fender  and 
at  extremities  contra- linked  flexible 
end-plates  so  centring  the  transverse 
beam  horizontally,  vertically  and  in 
azimuth,  by  the  fender  pushing  against 
the  beam. 

Further  pushing  acts  by  leverage 
to  force  the  probes  through  the  flexible 
weather  diaphragms  to  make  coupling 
contact  with  the  aligned  self-sealing 
receptors,  and  to  trigger  the  charging 
signal  before  reaching  the  limit  buffers. 

An  alternative  arrangement  uses  hydraulic 
leverages  and  buffers, 

Mpbile  Service  Charger  To  cater  for  the 
usual  circumstances  or  the  “unwise 
virgins",  a  break-down  "ambulance" 
carrying  a  charged  Flydraulic  accumulator 
with  suitable  jumper  connectors  can  give 
a  transferred  charge  in  a  very  few  minutes. 

Alternatively  any  Flydraulic  equipped 
vehicle  fitted  with  appropriate  jumper 
connections  will  permit  a  transferred 
charge , 

Fleet  "Trickle"  Charging  In  a  fleet 
park  vehicles  may  be  maintained  at 
instant  readiness  by  a  low  pressure  charg¬ 
ing  circuit  associated  with  feed  piimp  of 
the  main  conditioning  plant. 

Domestic  and  Park  "Trickle"  Charging 

Accumulator  powered  commuting  vehicles  in 
the  domestic  garage  need  a  degree  of 
charge  to  ensure  their  mobility.  Their 
hydraulic  propulsion  motor  is  di sc onne st¬ 
able  from  the  axle  drive  in  "Park"  and  is 
engaged  by  an  on-board  electric  motor  in 
regenerative  pumping  mode. 

To  mate  with  the  A,C,  outlet,  a  3-pin 
plug  with  moulded  cable  axially  aligned 
with  the  pins  mean-centerline  so  as  to  be 
easily  disconnectable ,  A  self- reeling 
weatherproof  connection  at  the  front  of 
the  vehicle  may  plug  into  the  domestic 
garage  A,C,  outlet  or  a  weatherproof  out¬ 
door  outlet, 

ACCUMULATOR  K) BILES  WITH  SELF^ CHARGE 
FACILITY  (HYBRIDS) 

Basic  pure  accumulator  mobiles  in 
some  cases  have  an  operational  reqiiire- 
ment  away  from  demanding  an  on-board 
hydraulic  charging  A,P,U.  governed  by 
energy  level. 
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Flvdraulic  Commutacar  Miniature 
accumulator  powered  ’’City”  dars,  with 
performance  range  handling  disadvantages 
outside  city  limits  are  ineffective  as  a 
’’second  car”.  Flydraulic  accumulator 
propulsion  instead  of  Battery-Electric 
will  overcome  the  performance  handicap, 
and  an  A.P.U.  charger  will  remove  out- 
of-town  range  restraints.  In  town  it 
will  benefit  from  hi^  regenerative 
efficiency  and  ’’instant  charge”  from  a 
automated  fore-court  service  base. 

Airplane  Fast- Taxi  All-Services  Tug 

Jet  engined  airplanes  are  notorious  for 
their  hi^  fuel  consumption  when 
taxying  or  idling  on  the  ground,  and 
resulting  air  pollution.  Present  tractor 
tugs  are  of  low  power  suitable  only  for 
apron  manoeuvring.  A  tractor  should  be 
capable  of  towing  a  500  ton  aircraft  at 
30  Knots  for  2  miles  against  a  headwind, 
groimd-hold  and  up-queue  for  30  minutes 
perhaps,  meantime  providing  fill  air 
conditioning,  200  KW  electrical  supply 
and  eventual  engine  starting;  yet  face 
the  prospect  of  abort  and  return  to 
apron* 

Within  the  limited  headroom  and 
other  dimensional  constraints,  multi¬ 
plexed  Flydraulic  accTJimulators  can 
provide  320  kWh  energy  storage  with  4400 
H.P,  tractive  power  and  550  H.P.  (hyd) 
driving  the  ancillaries  which  have  much 
the  greater  energy  requirement.  A  350 
H.P.  A.P.U.  allows  operation  remote 
from  charging  base  such  as  recovery  of 
an  off- runway  airplane. 

ACCUMULATOR-BOOSTED  HYDROSTATIO 
PROPULSICM 

Here  we  can  only  examine  in  detail 
two  vehicle  cases  involving  Flydraulic 
accumulator  boost.  First  a  trans¬ 
continental  heavy  haulage  roadway 
vehicle  (tractor- trailer)  and 
secondly  a  medium  sized  European 
automobile. 

Trans- Am.  Tractor-Trailer  At  150 ,000 
lb  gross  laden,  powered  by  a  290  H.P. 
turbo-charged  engine,  these  vehicles 
can  attain  70  MPH,  equivalent  to  24*6 
X  10  ft.  lb.  K.E.  Allowing  100^ 
reserve  at  S/9ths  effective,  and 
adding  10%  transmutation  loss  gives 
23  kWh  gross  energy  storage.  A  42” 
diameter  flywheel  having  94  laminations 
(.080”)  runs  at  84OO  RPM  derated  for 
model  range  commonality. 


Two  9/25  hydraulic  motors  drive  the 
transaxle  11011,  identical  size  pump/motors 
are  used  in  accumulator  and  as  engine  out¬ 
put  pump  computer  controlled  to  match 
engine  requirements.  The  accumulator 
pump/motor  will  be  computer  rated  to  192 
G.P.M.  and  5140  p.s.i.  (350  bar)  limits, 
at  all  speeds  between  2800  and  84OO  R.P.M. , 
giving  550  H.P.  (hydraulic)  maximum  output 
and  effectively  trebling  the  engine-only 
power  available  at  the  vehicle  wheels. 

lyhximum  speed  can  be  maintained  up 
1  in  5  gradient  over  at  least  one- sixth 
of  a  mile;  this  distance  increasing  as 
either  or  both  speed  and  gradient  decrease , 
down  to  15  M.P.H.  up  1  in  25  {U%  gradient) 
which  residual  engine  power  could  maintain 
indefinitely,  yet  with  instantaneous 
availability  -of  a  relatively  massive  3ft/ 
sec.  acceleration  by  drawing  on  the 
accumulator. 

The  adhesive  wei^t  will  allow  the 
maximum  dynamic  hydraulic  braking  to  be 
applied  by  the  wheel-driving  transaxle 
motors,  even  on  icy  roads  due  to  the 
instantaneous  torque  monitoring  of  the 
computing  control  system;  but  only  one 
half  of  this  can  be  regeneratively 
recovered  by  the  acciimulator  unless  this 
were  fitted  with  twin  pump/motors  as 
allowed  by  its  casing  design.  Otherwise 
the  other  half  of  the  hydraulic  retard¬ 
ation  energy  may  be  accommodated  by  the 
developed  hydraulic  retarder  valve  and 
dissipated  by  heat  exchanger,  also  under 
control  of  the  computing  system. 

A  self- energising  trailer  would 
effectively  double  both  tractive 
acceleration  and  deceleration  without 
affecting  the  perfectly  modulated  two- 
pedal  (Go  and  Slow)  control  of 
exquisite  ease  and  convenience  which  is 
allied  with  oustanding  fuel  and 
maintenance  economies. 

Euronean  Medium-Sized  Automobile  Ford 
Granada  2500/300 The  application  of 
regenerative  power  boost  to  automobiles 
in  hi^  production  will  almost  certainly 
be  dependent  upon  the  prior  standardis¬ 
ation  of  hydrostatic  transmission  giving 
the  effortless  control  which  reduces 
tension  and  fatigue  and  provides  a 
sensual  ease  to  the  occupants  of  an 
automobile . 

This  prototyping  study  is  based  on 
the  Ford  Granada  2500  which,  apart  from 
its  smaller  V-6  engine,  is  identical  to 
the  more  usual  Granada  3000, 
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The  smaller  engine  produces  only  120 
and  makes  for  a  2251b  H^ter  vehicle 
at  28001b  tare,  but  we  have  assumed  full 
fuel  and  four  occupants  in  the  3600  lb  all- 
up  weight,  and  100  occasional 

cruising -speed  at  which  kinetic  energy- 
will  be  1,2  X  10  ft.  lb. 

Due  to  -bhe  limited  incidence  of  lOO 
M.P.H.  cruising,  we  propose  a  stored 
energy  reserve  of  85^  and  transmutation 
allowance  of  5%  which  at  8/9ths 
effective  requires  a  gross  flywheel 
energy  capacity  of  0*99  KWh.  The  most 
appropriate  flywheel  size  is  18^^  diameter 
having  44  laminations  1  mm  thick  and 
running  at  21,000  R.P.M.  maximum,  7000 
R.P.M,  minimum  operational,  driving 
1.52  ratio  to  a  9  x  15  mm  pump/motor 
identical  (other  than  the  computing 
valve)  with  the  pair  of  transaxle 
motors  dri-ving  the  rear  wheels,  and  with 
the  engine  output  pump*  The  installed 
wei^t  (wet)  of  the  flydraulic  accumu¬ 
lator  is  then  194  lb* 

At  maximum  displacement  of  3.66 
c.i.p.r*  and  46OO  R.P.M.  the  rated 
delivery  is  60  G.P.M,  (270  l/m) 
maximum  maintained  up  to  13,800  R.P.M, 
so  that  at  5140  p.s.i*  (350  bar)  rated 
pressure  the  maximum  power  output  is  216 
H.P.  (hydraulic)  from  the  accumulator 
pump,  and  maximum  torque  24B  lb.  ft.  for 
each  transaxle  motor  driving  a  half¬ 
shaft  via  a  4.05  ratio  helical  gear 
pair,  giving  a  nett  axle  torque 
summation  of  2010  lb. ft.  maximum  with 
310  H.P.  available  at  wheels. 

The  rolling  diameter  (25.4”)  of 
the  rear  tyres  is  25.2"  during  maximum 
acceleration  and  tractive  thrust 
1918  lb.  or  53.25^  of  gross  wei^t. 

However,  torque  reaction  wei^t  transfer 
ai5d  inertia  transfer  increase  the 
adhesive  wei^t  to  70^,  and  maximum 
tractive  thrust  can  be  maintained  up  to 
62  M.P.H,  then  reduces  inversely  as 
speed  increases. 

Tractive  resistances  are  shown 
on  Fig,  2  which  also  shows  tractive 
effort  with  the  maker’s  C3  Automatic 
transmission,  the  Flydraulic 
Hydrostatic  Transmission  (without 
accumulator  as  Fig,  3)  and  with 
added  accumulator  propulsion  (F.A.P.) 
as  Fig,  4 


ACCUMULATOR  SIZE  CODE 


PORD  GRANADA  2500  AT  S6Q0  t&S.  LADEN 
TRACTIVE  effort  /  RESISTANCE  CURVES 

FIG.  3,. 
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MILES  PER  HOUR 


^Flydraiillc'*  Rs^^rld  Hegener^tlTc  Propulalca  Syatga. 


0  4-  12  20  28  36  44 


SECONDS 

FORD  GRANADA  2500  AT  SSOOU&S.  LADEN 
MAX.  ACCELERATiON  GRAPH 

FIG.  5. 


The  C3  shows  the  highest  tractive 
effort  up  to  5  M.P.H.  and  falling  rapidly 
whereas  FHT  and  FAP  maintain  their  hi^ 
constant  effort  to  22  MPH  and  62MPH 
respectively  before  breaking  to  constant 
power.  Indeed  FAP  at  100  M,P,H,  has  more 
effort  available  than  does  C3  at  15  M.P.H, 
in  low  gear,  and  could  with  a  twin-pump 
accTomulator  maintain  constant  effort  to 
100  M.P.H, 

The  resulting  acceleration  curves 
Fig.  5  speak  for  themselves,  showing  the 
advantage  of  constant  effort/constant  power 
over  stepped  effort  and  ’*saw  tooth”  power. 
In  fact  the  C3  transmission  even  with 
*^3000”  engine  power  is  still  no  match  for 
FHT  with  "2500"  power  (l8  BHP  difference) 
and  bears  no  comparison  to  FAP  even  with 
”2000”  power  (40  BHP  difference) .  Yet  the 
very  constancy  of  the  acceleration  reduces 
the  sensation,  with  FAP  even  more  than 
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with  PHT ,  as  the  decay  following  the 
break  to  constant  po^^rer  is  much  more 
gradual  -  like  an  airplane  at  take  off 
after  the  first  few  seconds  the 
acceleration  ceases  to  be  noticeable  - 
until  the  hydro -computer  phases  it  out 
above  100. MPH, 

When  driven  more  gently  the  same 
smooth  control  response  exists  but  at 
reduced  values  of  tractive  effort 
proportional  to  accelerator  pedal 
pressure , 


system  by  itemising  elemental  power 
production  and  transmission  efficiencies 
and  summing  these  or  their  series 
products,  the  Flydraulic  propulsion 
system  goes  much  further  by  optimising  the 
interaction  of  the  elements  to  achieve 
much  higher  overall  efficiency. 

Even  taking  accimilator  continuing 
loss  at  the  present  development  state  as 
6^  of  instantaneous  energy  storage  and 
hydraulic  output  transmutation  loss  as 
5^  of  instantaneous  power,  prime-mover 
power  loss  as  and  hydraulic  trans¬ 

axle  loss  as  5%,  the  advantages  con¬ 
ferred  by  hydro-computed  interactive 
management  are  greater  than  the 
elemental  loss  summation  and  arises 
from  four  aspects. 


Casing  Covpr 


Threaded  imped ence 


ive  Signal  (J 
ssure  output 


end  plug 

free  spool 


relief  drain 


Speed  Responsive  Signal  Generator, 


BY  VEHICLE  INERTIA  MANAGEMENT 

By  interchanging  the  inertias  of 
vehicle  and  accumulator  flywheel  during 
acceleration  and  deceleration,  the 
vehicle  engine  is  reduced  in  purpose  and 
function  to  overcoming  resistance  and 
efficiency  losses,  and  the  vehicle  energy 
normally  discarded  as  braking  frictions 
is  largely  recuperated  back  to  storage. 

BY  ENGINE  SPEED  MD  3>M>E,P,  MATUGEMEl^T 


Engine  output  is  managed,  without 
rotating  shai  htiman  intervention,  to  accord  with 
propulsive  loss  requirement  but  at 
optimised  B.M.E.P,  and  lowest  engine 
speed  conducive  to  smooth  running.  This 
factor  can  improve  engine  efficiency  by 
up  to  30% 


Front  Wheel  Drives  and  /u,W,D, 

The  same  dual-motor  transaxle  as  design¬ 
ed  for  the  Ford  Granada  would  be  equally 
applicable  to  a  front  wheel  driven 
automobile,  or  for  that  matter  to  both 
front  and  rear  giving  Four- wheel-drive 
without  differentials  or  inter¬ 
differentials  yet  offering  individual 
wheel  slip  control  without  reduction 
of  effort  at  the  other  wheels;  and 
conversely  for  wheel  lock  during 
regenerative  braking.  This  applies  to 
any  rubber  tired  vehicle  of  any  size  but 
not  at  the  moment  to  steel  tired  rail 
vehicles, 

FUEL  EFFICIENCY  OF  FLYDRAULIC  BOOST 
PROPULSION 

Althou^  it  is  usual  to 
determine  overall  efficiency  of  a 


BY  REDUCED  RESPC^SE  REQUIREMEINT 

With  existing  systems  fluctuating 
acceleration  demands  effect  excessive 
enrichment  by  the  carburettor  fuelling 
system.  But  with  Flydraulic  propulsion 
acceleration  demands  are  met  instantly 
by  the  acc\jmulator  whereas  engine  power 
requirement  accrues  over  a  period  of 
perhaps  10  seconds  or  more  obviating 
any  necessity  for  fuel  enrichment  and 
its  adverse  effect  on  engine  wear  and 
life, 

BY  SMALLER  ENGINE 

Without  an  accelerative  requirement 
prime  mover  engine  power  is  determined 
by  the  designed  cruising  speed  of  the 
vehicle  and  the  reduced  size  thus 
enabled  by  the  accumulator  will  generate 
lower  power  production  heat  losses,  will 
wei^'  less,  cost  less  to  manufacture, 
and  be  easier  in  development. 
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» STOP/START”  ENGINE  CYCLING 

Althou^  easily  accommodated  by  the 
computing  control  and  hydraulic  crank¬ 
ing,  the  savings  as  against  continuing 
optimised  BMEIP  are  negligible  and  not  worth 
the  psychological  disturbance  engendered 
by  ** sensory  free-wheeling”,  not  to  mention 
its  effect  on  air-conditioning  and 
electrical  ancillaries. 

CavITROL  FUNCTION  AND  DRIVEABILITY 

It  will  have  been  gathered  that  the 
hydro-computers  function  as  the  brain  and 
nerve  system  of  Flydraulic  propulsion, 
responding  to  the  operator  *s  requirements 
transformed  to  appropriate  ”pressure- 
language”  as  well  as  other  system  data, 
processed  and  presented  as  actuating 
functions  to  the  driving  motors,  the 
accimiulator  pump/motor,  engine  piomp  and 
engine  fuelling  control. 

OPERATOR'S  COMMAND  TRAI^SDUCERS 

One  transforms  the  accelerator 
pedal  movement  to  a  first  stage  pressure 
incremental  to  J+SO  p.s.i,  max,  (with  feed¬ 
back  ”feell!  to  pedal),  transmitted  to  the 
accumulator  master  computing  element 
commanding  an  increase  in  operating  pressure 
and  to  a  second  stage  which  in  association 
with  a  master  signal  instructs  theS- 

Drive  Motor  Comnuter  (Slaved) 

Which  is  basically  simple  and  interprets 
the  command  signal  for  driving  torque  by 
setting  the  motor  displacement  to 
optimum  for  speed  and  operating  pressure 
and  if  required  for  control  of  tractive 
wheel-slip.  Additionally  it  accepts  the 
brake  pedal  transformed  signal  to  set  the 
drive-motor  as  a  p-ump,  in  collaboration 
with  the  accumulator  pump  acting  as  a 
motor  for  regenerative  vehicle  braking. 

It  also  responds  to  the  Selector  lever 
for  ’Neutral”  location  and  for  over 
center  operation  in  "Reverse”  and 
hydraulic  locked  "Park”. 

ACCUMULATOR  (MASTER)  COMPUTER 

This  receives  the  drive-motor 
generated  vehicle  speed  signal  in 
addition  ot  its  own  pump  generated 
flywheel  speed  signal,  both  in  square  law, 
integrates  them  to  an  energy  summation 
(moving)  constant,  controls  braking 
regeneration  with  this  varying  flywheel 
energy  limit  and  the  hydraulic  retarder 
(or  vehicle  wheel  brakes)  when  the  limit 
is  exceeded,  controls  the  prime  mover 


engine  piamp  to  make  an  appropriate 
contribution  when  short  of  the  limit, 
taper-cancels  the  acceleration  ener^- 
boost  .above  a  programmed  (cruising?) 
speed,  prevents  flywheel  overspeed,  and 
overall  ensures  smooth  build  \ip  of 
instantaneous  responses  and  perfectly 
controlled  modulation. 

ENGINE  PUMP  COMPUTER  (SLAVED) 

This  interprets  the  master-computer 
instruction  in  "Drive”  and  "Reverse” 

(or  the  bypassed  operator  command  in 
"Neutral"  and  "Park")  for  more  power  (or 
more  revolutions)  which  it  resolves  with 
its  speed  and  displacement  feedback  signals 
pressure,  to  increase  power  against  an 
increasing  pump( displacement  x  system 
pressure)  torque.  The  engine  B.M.E.P. 
vs.  speed  can  therefore  be  precisely 
controlled  within  a  programmed 
envelope  • 
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A  COMPUTERIZED  ANALYSIS  OF  AXISYMMETRIC  FLYWHEELS 


Norman  L  Newhouse 
Brunswick  Corporation 
Defense  Division 
4300  Industrial  Avenue 
Lincoln,  Nebraska  68504 


ABSTRACT 

A  method  Is  presented  for  analysis  of  axlsymmetrlc  flywheels  with  one  or  more  circum¬ 
ferential  layers.  This  method  has  been  developed  Into  a  user  efficient  computer  program. 

A  closed  form  analysis  Is  used  for  each  layer  and  a  finite  element  technique  Is  used  to 
provide  for  compatibility  of  sequential  layers.  Plane  stress  analysis  gives  exact  solutions 
for  axially  thin  disks  and  close  approximations  for  thick  disks  and  disks  of  non-uniform 
width.  The  analysis  provides  for  flywheels  of  one  or  more  layers,  isotropic  and  ortho¬ 
tropic  materials,  and  inertial  and  thermal  loading.  Stresses,  strains,  and  displacements 
are  calculated  at  the  layer  boundaries  and  Intermediate  points  In  each  layer.  In  addition, 
rotational  energy  and  energy  density  are  calculated. 


NOMENCLATURE 


A,B,C,D 

Arbitrary  Constants 

a 

Outer  Radius  of  a  Layer 

b 

Inner  Radius  of  a  Layer 

m  m 
-s 

m 

CD 

Energy 

Radial  and  Hoop  Modulus 
of  Elasticity 

F 

Force 

FI 

Force  at  Inner  Boundary 
of  a  Layer 

F2 

Force  at  Outer  Boundary 
of  a  Layer 

FCr} 

See  Eq.  (17) 

G1  to  G4 

See  Eq.  (17) 

9c 

Gravitational  Constant 

HCr) 

See  Eq.  (17) 

K 

Stiffness  Matrix 

K11,K12,K21,K22 

Elements  of  Layer  Stiff¬ 
ness  Matrix 

M 

Mass 

m 

See  Eq.  (6) 

n 

Number  of  Layers  or  nth 
Layer 

Qrr’^re  ’^er ’*^66 

Elastic  Constants,  See 
Eq.  (2) 

r 

Radius 

S 

AT 

u 

“r“o 

See  Eq.  (16B) 

Change  In  Equilibrium 
Temperature 

Radial  Displacement 
Radial  Displacement  at 
the  Inner  and  Outer 
Boundaries  of  a  Layer 

See  Eq.  (7)  and  Eq.  (8) 

V  Volume 

X  Displacement 

a  ,«  Radial  and  Hoop  Coeffi¬ 

cients  of  Thermal  Expan¬ 
sion 

e^,eg  Radial  and  Hoop  Strains 

Poisson's  Ratios,  See 
Eq.  (2) 

p  Density 

a^,ag  Radial  and  Hoop  Stresses 

u  Angular  Velocity 

INTRODUCTION 

Brunswick  Corporation  has  been  active 
In  the  design  and  manufacture  of  filament 
wound  flywheel  rotors  for  several  years. 
Design,  analysis,  material  studies  and 
manufacturing  efforts  have  been  carried 
out  under  contract  to  several  organizations 
as  well  as  with  Internal  development  funds. 

To  meet  Its  design  and  analysis 
requirements,  Brunswick  needed  a  computer 
program  which  was  versatile,  precise  and 
user  efficient. 

Analysis  of  a  flywheel  rotor  has 
consisted  primarily  of  defining  rotational 
speed  limits  and  optimizing  the  shape  for 
a  given  material  system.  To  optimize  a 
flywheel^.for  a  given  material  system,  the 
radial  and  hoop  stresses  should  be  uniform 
throughout  the  wheel  and  should  both  reach 
their  respective  ultimate  stress  levels 
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simultaneously.  For  flywheels  with  a 
single  isotropic  material  system,  the 
optimum  shape  may  be  calculated  precisely. 
Solutions  for  a  flat  disk  are  also  precise 
and  readily  available  for  an  isotropic 
material . 

Solutions  for  flywheels  made  of  ortho¬ 
tropic  materials  are  generally  found  only 
in  current  literature.  Solutions  for 
optimum  shape  are  possible,  but  manufac¬ 
turing  considerations  generally  dictate 
limitations  on  the  size  and  shape  of  the 
final  part.  Solutions  which  were  found 
for  flat  disks  generally  considered  only 
one  material  system  and  one  layer  of 
material,  and  they  generally  did  not 
address  thermal  effects. 

Brunswick  has  found  from  experience 
that  thermal  stresses  develop  during  cure 
processes  of  fiber/epoxy  flywheels  and 
during  exposure  to  varying  environmental 
temperatures.  These  thermal  stresses  are 
significant  to  the  point  that  the  ultimate 
radial  stress  level  can  be  reached  before 
the  flywheel  is  rotated  for  the  first  time. 


and  Eq.  (3)  into  Eq.  Cl)  results  in  an 
equation  for  deflection  in  terms  of 
material  properties,  radial  position, 
rotational  speed  and  change  in  equilibrium 
temperature,  Eq.  4. 

Equil ibrium 

^  -lei  . 

dr  r 


Constitutive 


(2a) 

{2b) 

(2c) 


(2d) 

(2e) 

(2f) 


In  addition  to  closed  form  analysis 
methods,  some  general  purpose  finite 
element  computer  programs  are  capable  of 
rotational/thermal  analysis  of  flywheels. 
However,  these  programs  are  generally 
cumbersome  and  expensive  in  terms  of  man 
hours  and  machine  time. 


Geometry 

{3a) 

*r  '  ^ 

(3b) 


In  view  of  the  difficulty  of  using 
general  finite  element  computer  programs 
and  in  view  of  the  narrow  range  of  closed 
form  techniques  in  current  literature, 
Brunswick  felt  that  an  analytical  method 
should  be  developed  which  would  Be  precise, 
versatile,  inexpensive  and  easy  to  use.^  A 
plane  stress  analysis  was  developed,  which, 
in  combination  with  finite  element  tech¬ 
niques,  gives  exact  answers  for  axially 
thin  disks  and  close  approximations  for 
thick  or  tapered  disks.  Any  number  of 
materials  or  layers  may  Be  used  with  a 
minimum  of  inputs.  Stresses,  strains, 
and  displacements  are  calculated  for 
isotropic  or  orthotropic  materials  under 
inertial  and  thermal  loading. 

ANALYSIS 


Result 


d^u 


dr- 


1  au  **69  U 
r  dr  ■ 


(4) 


,  <*r6  (-6*^  ^ 


SOLUTION 


The  solution  to  Eq.  (4)  is  found  by 
summing  the  homogeneous  and  the  particular 
solutions.  The  homogeneous  solution  takes 
the  form  u.  =  r***,  Eq.  (5)  being  the  charac¬ 
teristic  equation,  Eq.  (6)  the  solution  of 
m,  and  Eq.  (7)  the  homogeneous  solution 
where  A  and  B  are  unknowns. 


GOVERNING  EQUATIONS 

Three  sets  of  equations  govern  the  ni(ni-i)r"'^-Hnr'"‘^  ‘  -  o 

stress  analysis  of  an  axisymmetric  disk:  '''' 

equilibrium,  Eq.  (1);  constitutive,  Eq.  (2); 
and  geometry,  Eq.  (3).  Substituting  Eq.  (2) 
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C7) 

U  .  Ar”  +  Br*" 
n 


The  value  m  is  then  a  measure  of  the 
anisotropy  of  the  material  system.  For 
isotropic  materials  m=l ,  and  as  the  hoop 
modulus  increases  with  relation  to  the 
radial  modulus,  as  in  a  circumferentially 
wound  fiber/epoxy  flywheel,  the  value  for 
m  increases. 

The  particular  solution  of  Eq.  (4) 
is  of  the  form  of  Eq.  (8),  which  can  be 
solved  for  the  constants  C  and  D,  Eq.  [9). 
The  total  solution  is  then  Eq.  CIO).  Note 
that  the  constant  C  pertains  to  rotation 
while  D  pertains  to  temperature. 

C8) 

U  “  Cr^  +  Dr 
P 

C9a) 


•  0 

(11a) 

*  0 

(11b) 

u(b)  ■  0 

(12a) 

dj-W  ,  0 

(12b) 

(13a) 

(13b) 

-  Ab*"  +  Bb*"’  +  Cb^  +  Db 

(14a) 

u  *  Aa*"  +  Ba“'"  +  Ca^  +  Da 

0 

(14b) 

FINAL  EQUATION 

C9b) 

o  AT  +  ^re  (a. AT  a  AT)  -  o.aT 
r  j5  0  -  r  0 


(10) 

u  -  +  u  •  Ar"  +  Br"'"  +  Cr^  +  Or 

h  p 


BOUNDARY  CONDITIONS 

When  solving  for  the  unknowns  A  and  B 
in  Eq.  (10),  it  is  necessary  to  define 
boundary  conditions.  In  general,  the 
boundary  conditions  for  free  boundaries, 
Eq.  (11),  or  fixed  inner  boundary,  Eq.  (12), 
would  be  used.  These  conditions  are 
necessary  and  sufficient  for  a  single¬ 
layered  disk.  For  a  multilayered  disk, 
the  boundary  conditions  at  the  layer 
interfaces  must  also  be  defined,  Eq.  (13), 
where  the  subscript  n  identifies  the  nth 
layer.  In  order  to  use  a  finite  element 
approach,  however,  we  will  define  a  set 
of  boundary  conditions  for  each  layer 
with  the  deflections  at  the  inner  and 
outer  layer  boundaries  being  defined  in 
terms  of  the  radii  at  the  inner  and  outer 
layer  boundaries,  Eq.  (14). 


Equations  (14a)  and  (14b)  represent 
two  equations  and  two  unknowns,  so  we  can 
therefore  solve  for  unknowns  A  and  B. 

First  multiply  Eq.  (14a)  by  a""’,  then 
multiply  Eq.  (14b)  by  -b"''’  and  add.  This 
eliminates  B  and  results  in  the  value  for 
A  shown  in  Eq.  (15a).  Multiplying  Eq. 

04a)  by  a"!  and  Eq.  (14b)  by  -b^  and 
adding  results  in  the  value  for  B  shown 
in  Eq.  (15b).  By  substituting  Eq.  (15) 
and  Eq.  (9)  into  Eq.  (10),  and  rearranging 
terms,  we  get  the  final  equation  for 
displacement  as  a  function  of  radius,  Eq. 
(16).  Equation  (16)  is  substituted  into 
Eq.  (3)  to  obtain  the  radial  and  hoop 
strains,  Eq.  (17).  It  should  be  noted 
that  the  term  involving  rotation  becomes 
indeterminate  when  m=3  and  the  term 
involving  temperature  becomes  indeterminate 
when  m=l .  The  solutions  when  m=l  or  m=3 
may  be  found  in  one  of  two  ways.  L' Hospi¬ 
tal's  rule  may  be  used  on  the  current 
solution,  or  a  term  involving  rlnr  could 
be  added  when  evaluating  the  particular 
solution.  These  two  methods  will,  of 
course,  yield  identical  solutions. 

,  ™  «  (15a) 

(u,.-"  -u„b*'")  -A^b"")  -0(ba‘'"-Ab‘'") 

*  ®  (b-V-b"A-'")  ”  ” 
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(u.a"'  -u  b”)  -C(bV  -aV)  -D(ba"'  -ab"') 


Er)  =  4_  [(b^a'" 

'■  nM  L' 

-  (b^a"  -a\'"')r"'"‘’  +  (b'V  -b'"a''")r^] 


.{u^a-"  -u^b-’^jr™  (u,.a'"  -Uj,b"')r-" 

- g—  —  +  5 


+  — fi -  [(b^a''"  -a\‘'")r"'  -  (b^a*"  -aV)r*" 

Q~(i"  -9)s  •- 


+  (b-V  -b'"a-"’)r3j 


o  AT  +  TT^  a  aT)-in^  r  m 

i ^  .!  : . : _ !_  Rba-"- -ab-"’)r'” 


*  tab"  -ba”’)r-"'  +  (b-a" -bV’jr] 


^-4-  [(bV" -a  V'”)rir"-’ 


+  (b^a"™  -aV)mr"'^^  +  (b“V  -b'"a‘’")3r^] 


Mlxl  .I  Rba-™ -ab-")r"-’ 

>■  ill?  >- 

+  (ab" -ba^jr’"”’  +  (b'V -bV")] 

(17j) 

^ba-" -ab-^r"-’ 

-  (ab™ -ba")iir'"'’  +  (b'V -bV")] 

when  in  =  3 


S  »  b  a  -b  a 


-mBjr-"-’  aOj 


G,r"-’  «3  ^  «4  ^ 


6,  •  (u^b*"  -u,a'"')/s 


6^  -  (u,a"  -Ujb")/S 


S3  ■  (i>»')/(Qrr  S) 


64  •  Joj.aT  (ojAT  -  0|.aT)-ai*  7S 


■  HK9’  - 

•[[©’  ”■]-!)’  '"“>j 


^  ■  i{l!i)’  ■  1)1 


[.vir,.a»-Mi(}, 


})  ’  '■  ■!  -fO  ’ * 


when  m  »  1 


8M  .  I[(t  .  {  „.) 


07n) 
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Equation  (17)  is  now  substituted  into  The  layer  stiffness  terms  are  then 

Eq.  (2)  to  get  radial  and  hoop  stresses  added  into  the  global  stiffness  matrix, 

at  any  radius.  However,  it  is  still  Eq.  (21).  This  results  in  a  square  matrix 

necessary  to  find  the  displacements  at  the  with  n+1  rows  and  n+1  columns  where  n  is 
inner  and  outer  surfaces  of  a  layer.  the  total  number  of  layers.  The  global 

stiffness  matrix  is  symmetric  with  all 

FINITE  ELEMENT  METHOD  terms  zero  except  for  the  diagonal  elements 

and  those  elements  adjacent  to  the  diagonal 
STIFFNESS  MATRIX  elements. 


The  first  step  in  obtaining  the  dis¬ 
placements  at  the  boundaries  is  to  build 
a  stiffness  matrix  for  the  entire  flywheel 
by  using  Eq.  (18).  The  term  'X'  in  Eq. 
(18)  is  set  equal  to  unity,  and  the  radial 
stress  due  to  that  displacement  is  calcu¬ 
lated  using  Eq.  (17)  and  Eq.  (2).  The 
term  'F'  in  Eq.  (18)  is  calculated  by 
multiplying  the  radial  stress  and  the  area 
over  which  it  acts.  Since  the  displacement 
is  unity,  the  'F'  and  'K'  terms  in  Eq.  (18) 
are  then  equal. 


08) 


As  an  example,  Eq.  (19)  is  used  to 
evaluate  the  stiffness  terms  for  any  layer. 
The  displacement  XI  is  set  to  unity,  the 
displacement  X2,  the  rotation,  and  the 
temperature  are  set  to  zero  and  the 
resulting  radial  stresses  at  the  boundaries 
are  calculated.  Multiplying  the  stresses 
by  the  respective  areas  over  which  they 
act  yields  force  FI  at  boundary  1  and 
force  F2  at  boundary  2,  both  due  to  unit 
displacement  at  boundary  1.  Since  X2=0, 

Eq.  (20)  holds,  where  Kll  is  the  stiffness 
term  at  boundary  1  due  to  a  displacement 
of  boundary  1  and  K21  is  the  stiffness 
term  at  boundary  2  due  to  a  displacement 
of  boundary  1.  Similarly,  setting  X1=0 
and  X2=l  will  give  the  stiffness  terms 
K12  and  K22.  The  stiffness  matrix  is 
symmetric,  i.e.  K12  =  K21 . 


JFll.  Kll  K12 
yZl  1  K21  K22 

(19) 

C20a) 

Kll  •  FI 

K21  •  F2 

(20b) 

(21) 


MUt) 

Kl?(l) 

0  0  •  • 

0 

IC21tl) 

K22(l  )+Kll(2) 

K12(2)  0  -  • 

0 

0 

K2U2) 

JC22(2)+K11(3)  •  •  • 

0 

0 

0 

•  -  •  IC22(N-l)+>cn{N) 

K12(N} 

0 

0 

0  •  •  K2UN) 

K22(N} 

r 

FORCE  MATRIX 


The  force  matrix  is  calculated  in 
much  the  same  way  as  the  stiffness  matrix, 
but  now  the  boundary  displacements  are  set 
equal  to  zero  and  the  rotation  and  temper¬ 
ature  are  set  to  their  proper  values.  The 
radial  stress  is  calculated  at  the  bound¬ 
aries  of  the  layer,  multiplied  by  the 
area  over  which  the  stress  acts, 
and  the  resulting  force  terms  are  added 
into  the  global  stiffness  matrix,  Eq.  (22). 


F2(l)+n(2) 

F2J2)+FU3) 

F2‘(N-1)+F1(N) 

F2(N) 


DISPLACEMENT  MATRIX 


We  now  have  the  force  matrix  and 
stTffness  matrix  which  are  related  by 
Eq.  (18).  In  order  to  obtain  the  dis¬ 
placements  at  the  boundaries,  we  must 
first  invert  the  stiffness  matrix  and 
then  multiply  by  the  force  matrix.  The 
solution  will  now  take  the  form  of  Eq.  (23) 
and  the  displacements  at  the  boundaries 
are  explicitly  solved  for.  They  can  then  be 
substituted  into  Eq.  (17)  to  calculate 
strains,  and  the  resulting  strains  sub¬ 
stituted  into  Eq.  (2)  to  calculate 
stresses. 


[<]•’  {'}  •  {"} 


(.23). 
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THICK  OR  TAPERED  DISKS 


E 


(27) 


The  analysis  which  has  been  presented 
is  based  on  a  plane  stress  model,  that  is, 
the  assumption  is  made  that  all  stress  is 
in  the  r-9  plane  and  no  stress  exists  in 
the  axial  direction.  This  assumption  is 
good  in  the  case  of  axially  thin  disks  with 
no  external  loads  on  the  faces.  As  the 
part  becomes  axially  thicker,  axial 
stresses  build  as  distance  from  the  free 
surface  increases.  However,  other  solution 
methods  show  this  is  not  significant  for 
moderately  thick  parts. 

Tapered  disks  cannot  be  analyzed 
directly  by  this  method,  but  a  usable 
approximation  can  be  made  by  varying  the 
width  of  each  layer  to  approximate  the 
desired  contour.  Radial  stress  will  not 
be  equal  across  a  boundary,  but  the  forces 
will  balance.  This  is  due  to  the  assump¬ 
tion  that  radial  stress  is  distributed 
uniformly  over  the  layer  boundary,  which 
is  not  of  equal  width  from  layer  to  layer. 

The  stresses  at  a  boundary  are  therefore 
not  correct  but  if  one  looks  only  at  the 
stresses  and  strains  at  the  middle  of  a 
layer,  meaningful  results  can  be  obtained. 

ENERGY 

The  energy  available  from  a  flywheel 
rotor  is  of  primary  importance  to  anyone 
concerned  with  a  practical  application. 

The  energy  stored  in  a  solid  disks  is 
calculated  by  using  Eq.  C24).  Applying 
this  to  a  layered  disk  leads  one  to  Eq.  C25). 
Energy  per  unit  volume  is  calculated  by 
using  Eq.  C26)  and  energy  per  unit  mass  is 
calculated  by  using  Eq.  (27).  The  energy 

and  specific  energy  are  easily  calculated 
for  individual  layers  as  well  as  for  the 
total  wheel,  which  is  Important  when 
considering  the  effectiveness  of  each 
layer. 


E  •  j  h 


(24) 


n 

E  -  I 

J-1 


(25) 


E _ 


(26) 


E 

ff  ..  2  , 

I  »P.(a  ,  - 
j=l  J  J  j  J 


RESULTS 


SAMPLE  RUN 


All  of  the  equations  necessary  for 
plane  stress  analysis  of  an  axisymmetric 
flywheel  have  been  presented.  These 
equations  have  been  programmed  for  solution 
on  a  digital  computer.  Figure  1  presents 
the  input  and  output  data  for  a  sample  run 
of  the  program  on  a  time  sharing  computer 
system.  All  lines  beginning  with  a 
question  mark  are  inputs,  all  other  lines 
are  printed  by  the  computer.  Required 
inputs  include  basic  geometry  information, 
material  properties,  angular  velocity,  and 
temperature  change. 

Specificially,  input  1  is  a  descrip¬ 
tion  of  the  run  being  made.  Input  2 
specifies  the  inside  radius  of  the  first 
layer  and  the  number  of  materials  and 
layers.  Input  3  specifies  the  material 
properties  for  each  material.  Input  4 
specifies  the  material,  thickness  (radial), 
and  width  (axial)  of  each  layer.  Input  5 
specifies  angular  velocity,  temperature 
change,  and  the  number  of  points  in 
addition  to  the  boundaries  where  stress  and 
strain  will  be  calculated.  Units  on  inputs 
and  outputs  are  inches,  psi,  °F  and  RPM. 

All  input  data  is  printed  back  as  a 
check.  Strain  and  stress  in  the  radial 
and  hoop  directions  and  radial  deflection 
are  calculated  at  each  radial  position. 
Energy  and  energy  density  are  calculated 
for  each  layer  as  well  as  for  the  entire 
flywheel.  The  layer  and  global  stiffness 
and  force  matrices  have  been  printed  as  a 
check  for  anyone  writing  their  own 
computer  program  using  the  methods  presented 
in  this  paper. 

GEOMETRY  EFFECTS 


A  study  was  made  of  the  effect  of  wall 
thickness  on  the  distribution  of  stresses 
within  a  Kevlar/epoxy  flywheel.  Figures 
2,  3,  4,  and  5  illustrate  the  nondimen- 
sionalized  results  of  that  study.  Figures 
2  and  3  show  the  hoop  and  radial  stresses 
for  inertial  loading,  while  Figures  4  and 
5  show  the  hoop  and  radial  stresses  for 
thermal  loading.  Note  that  the  ratio  b/a 
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INPUT  *1*  I  PROJECT  nESCRlPTION 
7***  SAMPLE  RUN 


INPUT  *2*  I  RI»NMT,NL 
7.5,3, 3 


INPUT  *3*  I  MT,  EH.  ER,  PRHR,  GAMA,  ALPH,  ALPfl 
71 , 3np6,30nft. .3, .2aA,ftn-ft,rtD-d 
72,  R.  1.706,  . 3? ,  .078 , 3. 70-6, 1  7D-6 
73, 12.806, 1 06. . 34, .05 , - 1 . 1 D-6,  33D-6 

INPUT  *4*  I  LN,MT.TL,WL 

71.1.2.1 

72.2.3. 1 

73.3.4. 1 

INPUT  *5*  «  OMEGA,  OELT,  ISPL 
710000.100,-9 


***  SAMPLE  RUN  ♦** 


RI«  0.5000  NMT»  3  NL»  3  OMEGA*  10000.00  DELT-  100.00 


EH 

ER 

PRHR 

PRRH 

M 

GAMA 

ALPH 

ALPR 

0.3000n+08 

0.30000+08 

o.3ooon+oo 

0.30000+00 

0.. 10000+01 

0.2P6On+0O 

0.60000-05 

0.60000-05 

O.8RO0D+07 

0. 1700D+07 

0.3200D+00 

•  0.61 820-01 

0.2275D+01 

0.78000-01 

0.3700D-05 

0.17000-04 

0. 1280n+0P 

0.. 10000+07 

0.34000+00 

0.26560-01 

0,35780+01 

0.50000-01 

-0.  1 1000-05 

0.33000-04 

LAYER  STIFFNESS  MATRIX  AND  UNIT  FORCE  MATRICES 


L*  1 

0.258240+08 
-0.. 137360+08 

-0.137360+08 

0.456040+08 

-0.555120-03 

-0.27756P-02 

0.  12f67D+03 
-0.64286D+03 

L»  2 

0.361540+07 

-0.134980+07 

-0.134980+07 

0.472530+07 

-0.237810-02 

-0.587170-02 

0.675  820+02 
-O.  188  830+03 

L*  3 

0.341480+07 
-0. 10427D+07 

-0.104270+07 

0.4I01OD+07 

-0.792730-02 

-0.152820-0.1 

0.230140+03 

-0.251490+03 

ILJriAL  SlTFFNtSS  MATRIX 

A NO  FORCE  MATRIX 

0,2582E+08  -0.1374E+08  0. 

0. 

-0.1225E+05 

-0.1374E+08  0.4922E+0R  -0.1350E+07  0. 

0.631  RE+05 

0.  -0.I350E+07  0.8140E+07  -0.t043E+07  O.noOE+05 

0.  0. 

-0.1043E+07  0.410.1E+07  0.4.I9IE+05 

LN 

MT 

HL 

RI 

TL 

RO 

IPN 

R 

EPR 

EPH 

SR 

SH 

U 

1 

1 

I. 000 

0.500 

2.000 

2,500 

1 

0.500 

0.60230-03 

0.50? 4 0-0 3 

0.16970-13 

-0.22920+03 

0.29620-03 

2 

0.700 

0.5973^-03 

0.50440-03 

-0. 14520+03 

-0.21040+03 

0.41 610-03 

3 

0.900 

0.59320-03 

0.59460-03 

-0.27900+03 

-0.24560+03 

0.53510-03 

4 

1 .100 

0.58890-03 

0.59400-03 

-0.42640+03 

-0.30920+03 

0.65340-03 

5 

1  .300 

0.5P4  1  0-03 

0.58280-03 

-0,59490+03 

-0. 3040D+03 

0.77070-03 

6 

1  ,500 

0,57R7D-03 

0.59130-03 

-0.78730+03 

-0.4971 0+03 

0.88700-03 

7 

1.700 

0.57270-03 

0.5  89  50-03 

-0, 1 0050+04 

-0.61720+03 

0. 10020-02 

8 

1  .900 

0.56590-03 

0.58740-03 

-0. 1 2480+04 

-O. 75370+03 

0.  1  1 160-02 

9 

2,100 

0.55850-03 

0.58500-03 

-0,151 80+04 

-0.90630+03 

0.  122  80-02 

10 

2,300 

0.55030-03 

0.5  5230-03 

-0. 1  PI  40+04 

-0.10750+04 

0.13390-02 

1 1 

2.500 

0.541 40-03 

0.57040-03 

-0.21360+04 

-0.12590+04 

0. 14490-02 

2 

2 

1 .000 

2.500 

3,000 

5.500 

1 

2.500 

0.40140-03 

0.57940-03 

-0.21360+04 

0.1  1590+04 

0. 1 4490-02 

2 

2. 800 

0.51070-03 

0.56670-03 

-0.19530+04 

0. 1 1060+04 

0.15870-02 

3 

3.100 

0.57480-03 

0.56470-03 

-O, 18430+04 

0.11230+04 

0.17500-02 

4 

3.400 

0.60680-03 

0.56720-03 

-0.  1  7  860+04 

0. i 1630+04 

0. 19280-02 

5 

3.700 

0.61400-03 

0.57030-03 

-0. 1 7720+04 

.0.1 2000+04 

0.21120-02 

6 

4.000 

0.60010-03 

0.57370-03 

-0. 1 7950+04 

0. 12t8n+04 

0.22V5O-0? 

7 

4 . 300 

0.56750-03 

0.57450-03 

-0. 1851 0+04 

0. 1 2070+04 

0.24700-02 

8 

4.600 

0.51750-03 

0.57250-03 

-0. 19390+04 

0. 1 1620+04 

0.26330-02 

0 

4.900 

0.45090-03 

0.56720-03 

-0.20570+04 

0. 10770+04 

0.27790-02 

10 

5.200 

0,36810-03 

0.55810-03 

-0.22050+04 

0.94990+03 

0.29020-02 

n 

5,500 

n.260(SO-03 

0.54520-03 

-0.23030+04 

0.77870+03 

n. 29980-02 

3 

3 

1.000 

5.500 

4,000 

9.500 

1 

5. 500 

0.71530-03 

0.54520-03 

-0,23830+04 

0.75760+04 

0.29980-02 

2 

5.000 

n.  10  80  0-02 

O.56Q5D-03 

-0.20000+04 

0. 80150+04 

0.33600-02 

3 

6 . 300 

n.  1  3  83  0-0? 

0.611 70-03 

-0,  16  870+04 

0. 86650+04 

n.3P54n-02 

4 

6.700 

0. 164  5IV02 

0.6A5HO_03 

-O. 1 4040+04 

0,94530+04 

0.44610-02 

5 

7.100 

0.18770-02 

0.72760-03 

-0, 1 1490+04 

0. 10330+05 

0.5166n:.02 

6 

7.500 

o.2<^n6n-n2 

0.79460-03 

-0,91510+0.3 

0.11270+05 

0.59590-0? 

7 

7.900 

0.22750-02 

0.864  80-03 

-0,699  80+03 

n. 12240+05 

0.6  8320-0? 

8 

8.300 

0.24470-0? 

0.93700-03 

-0.50120+03 

0. 13230+05 

0.77770-0? 

9 

8.700 

0.26040-0? 

0.  ioinn-0? 

-0.3l830+f)3 

0. 14230+05 

0,87880-0? 

10 

9.100 

0.27440-0? 

O.  10  830-0? 

-0, 15120+03 

n, 15220+05 

0.98580-0? 

It 

9.500 

0. 28700-02 

n. 11560-0? 

0.52710-15 

0.16200+05 

0.J09  80-01 

LN 

WATT-linURS 

H-HR/LBM 

W-HR/CU  IN 

I NCH-LOF 

IN-LHP/l.flM 

IN-LBF/CU  IN 

I 

0.78030+00 

n. 1 4470+00 

0.41 4nn-ni 

n.?486r)+n5 

n.4(M?n+04 

O. 13190+04 

2 

o.47fon+ni 

0,n!?80*00 

0.63400-01 

0. 1 5?3n+06 

0.25900+05 

0.20200+04 

3 

0.25290+0? 

0.26830+01 

n.i34?n+on 

0.80580+06 

0,85500+05 

0.42750+04 

fUTAL 

0.30850+0? 

0.14910+01 

0.10910+00 

0.98290+06 

0.47490+05 

0,34760+04 

ENERCY/'SWEPT 

VOLUME' 

0,  lon^D+no 

0.34670+04 

nmi  1 

TYPICAL  COMPUTER 

PROQRAM  INPUT  AND 

OUTPUT  D 
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approaches,  but  does  not  equal,  zero.  The 
material  properties  used  for  the  Kevlar/ 
epoxy  composite  are  presented  in  Table  1. 


TABLE  1.  MATERIAL  PROPERTIES  OF  A 
KEVLAR/EPOXY  COMPOSITE 

12.8  X  10^  PSI 

1.0  X  10^  PSI 


-1.1  X  10 
33.0  X  10" 


LB./CU.  IN. 

IN/IN/°F 

IN/IN/°F 


U  Its 
b  CM 

3 


0  .2  .4  ,  .6  .8  1 

r/a 

FIGURE  3.  RADIAL  STRESS  DISTRIBUTION 
IN  A  ROTATING  KEVLAR/EPOXY  DISK 


ft  ' 


.2  .4  .6 

r/a 


.8  1.0 


0  .2  .4  .6  .8  1. 

r/a 

FIGURE  4.  HOOP  STRESS  DISTRIBUTION  IN  A 
KEVLAR/EPOXY  DISK  SUBJECTED  TO  A  CHANGE 
IN  EQUILIBRIUM  TEMPERATURE _ 


FIGURE  2.  HOOP  STRESS  DISTRIBUTION 
IN  A  ROTATING  KEVLAR/EPOXY  DISK 


\k.2 

V. 


0  r/a  • 

figure  5.  RADIAL  STRESS  DISTRIBUTION 
IN  A  KEVLAR/EPOXY  DISK  SUBJECTED  TO  A 
CHANGE  IN  EQUILIBRIUM  TEMPERATURE 


MATFRTAL  PROPERTY  EFFECTS 


A  study  was  made  of  the  effect  of 
varying  the  material  properties  of  an 
arbitrary  set  of  materials.  Figures  6,  7, 

8  and  9  depict  the  hoop  and  radial  stresses 
for  a  flywheel  rotating  at  10,000  RPM. 

The  flywheel  consisted  of  five  layers,  each 
one  inch  thick,  with  an  inner  radius  of 
one-half  inch.  The  curves  labeled  "1" 
correspond  to  the  baseline  material,  which 
was  given  the  material  properties  con¬ 
tained  in  Table  2.  For  curves  "2"  and 
"3"  the  outer  layer  consisted  of  the 
baseline  material,  with  the  density  of 
the  material  in  other  layers  increasing 
with  decreasing  radius.  Using  the  radius 
at  the  center  of  each  layer,  the  densities 


for  each  layer  were  arbitrarily  chosen  as 
p=Pn(ro/r)  for  curve  "2"  and  p=Po(>"o/'f')^ 
for  curve  "3".  For  curves  "4"  and  "5", 
the  inner  layer  consisted  of  the  baseline 
material  with  the  hoop  and  radial  moduli 
increasing  with  increasing  radius  in 
subsequent  layers.  The  moduli  are  chosen 
such  that  E=Ei-(r/ri)  for  curve  ”4"  and 
E=Ei(r/ri)2  for  curve  "5". 


TABLE  2.  MATERIAL  PROPERTIES  OF  AN 
ARBITRARY  MATERIAL  SYSTEM 

E  10.0  X  10^  PSI 

E  1.0  X  10®  PSI 

r 

,  .3 

er 

,1  LB./CU.  IN. 


TABLE  3.  RELATIVE  STRESS  AND  ENERGY  AT 
10,000  RPM 


RADIAL 

STRESS 

HOOP 

STRESS 

ENERGY 

#1  (BASELINE) 

100 

100 

100 

#2 

105 

116 

123 

#3 

198 

206 

170 

#4 

68 

122 

100 

#5 

41 

146 

100 

The  curves  in  Figure  6  and  7  illustrate 
the  effects  of  ballasting  a  composite 
flywheel.  Radial  strength  is  generally 
the  limiting  factor  on  energy  storage  in 
circumferentially  wound  flywheels.  By 
adding  weight  to  the  inner  layers,  the 
radial  stress  becomes  more  evenly  distri¬ 
buted,  as  shown  by  curve  "2".  Too  much 
ballasting  can  result  in  excessive 
stresses  at  the  inner  layer,  as  shown  by 
curve  "3". 

The  curves  in  Figure  8  and  9  illustrate 
the  effects  of  changing  composite  materials. 
By  increasing  the  moduli  with  increasing 
radius,  the  radial  stress  decreases. 

However,  this  increases  the  hoop  stress, 
which  may  eventually  become  the  limiting 
factor. 

The  relative  stresses  and  energy 
storage  at  10,000  RPM  are  presented  in 
Table  3,  with  a  value  of  100  given  to  the 
baseline  curve. 
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FIGURE  7 
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A  precise,  versatile,  and  easy  to  use 
computer  program  has  been  developed  in 
response  to  a  need  for  a  design  and 
analysis  capability  for  axisymmetric  fly¬ 
wheels.  The  mathematical  development  for 
this  program  has  been  presented  so  that 
others  may  write  their  own  computer 
programs.  A  sample  run  has  been  included 
to  aid  in  verifying  such  programs.  Examples 
are  given  which  describe  several  parameters 
which  may  be  evaluated  when  designing  a 
flywheel . 


FIGURE  8 
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FIGURE  9 
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DESIGN  OF  SPOKED-RIM  COMPOSITE  FLYWHEELS* 


E.  D.  Reedy,  Jr.  and  F.  P.  Gerstle,  Jr. 
Sandia  Laboratories 
Albuquerque,  New  Mexico  87115 


ABSTRACT 

This  study  identifies  design  and  material  choices  which  optimize  the  energy  storage 
capacity  of  a  free-spinning,  circumferentially  wound  rim.  The  rim  designs  considered 
were  (l)  a  rim  fabricated  from  a  single  material,  (2)  a  rim  with  lead  ballast  uniformly 
distributed  along  its  interior  edge,  and  (3)  a  rim  composed  of  two  concentrically  wound 
materials.  The  composite  rims  examined  were  reinforced  with  graphite,  Kevlar  U9,  Kevlar 
29,  S-glass,  and  E-glass.  The  rims  were  required  to  satisfy  weight,  size  and  angular 
speed  limitations  which  appear  appropriate  for  a  hybrid  heat  engine/flywheel  propulsion 
system.  A  graphite/epoxy . rim  with  an  inner-to-outer-radius  ratio  of  0.775  was  found  to 
have  the  largest  energy  storage  capacity. 


INTRODUCTION 

Based  on  mechanical  properties,  struc¬ 
tural  analysis ,  and  a  limited  amount  of 
prototype  testing,  filamentary  composite 
rotors  appear  as  likely  candidates  for  use 
in  hybrid  (heat  engine  plus  storage)  ve¬ 
hicles.  Filamentary 'composites  have  the 
potential  of  storing  energy  more  efficiently 
and  may  fail  in  a  more  easily  contained 
manner  than  metal  rotors . ^  A  rotor  design 
incorporating  a  unidirectional  composite 
must  accommodate  the  large  difference  be¬ 
tween  longitudinal  and  transverse  strengths , 
since  the  allowable  transverse  tensile 
stress  will  be  as  much  as  two  orders  of  mag¬ 
nitude  less.  Most  of  the  circumferentially 
reinforced  rotor  designs  proposed  to  date 
have  been  limited  by  low  transverse  tensile 
strength  in  the  composite.  A  complete 
listing  of  composite  flywheel  conceptual 
designs  is  given  in  Ref.  2.  Of  the  cir¬ 
cumferentially  reinforced  designs  listed, 
the  two  simplest  are  the  disk,  either  solid 
or  multi-ringed,  and  the  thick  rim, 
attached  to  the  hub  with  spokes  or  bands . 

Solid,  flat  circumferentially  wound 
disks  have  been  built  from  glass-epoxy^  and 
Kevlar-epoxy . ^  During  spin  testing  these 
disks  developed  circumferential  cracks  (due 
to  radial  stresses)  at  rather  low  rotational 
speeds  and  circumferential  stress  levels. 
Tensile  radial  stresses  are  induced  by  the 
disks  rotation.  Furthermore,  fabrication 
and  temperature  variations  can  add  sub¬ 
stantial  radial  tensile  stresses  into  hoop 


wound  disks. Although  the  peak  radial 
stress  in  a  disk  can  be  reduced  by  pro¬ 
perly  tailoring  its  thickness , ®  the  low 
transverse  tensile  strength  of  all  cur¬ 
rently  available  resin  composites  appears 
to  preclude  the  solid  disk  design.  Multi¬ 
ring  designs  built  to  data  have  not 
achieved  an  adequate  method  to  accommodate 
displacement  incompatibility  between  rings 
and  are  subject  to  dynamic  instability.^ 

A  thick-rim  design  employing  Kevlar 
epoxy  rim  and  bands  was  described  in  Ref.  2. 
This  wheel  also  failed  in  radial  tension 
(circimferential  cracks),  but  did  achieve 
a  higher  energy  storage  to  weight  ratio 
than  did  the  solid  disks.  For  a  fixed 
outer  radius,  the  peak  radial  stress  in  a 
rotating  rim  is  reduced  as  the  inner  radius 
is  increased.  This  effect  is  clearly  de¬ 
monstrated  by  Tang^®  (see  his  Figs.  8-IO). 
Therefore ,  by  careful  choice  of  inner-to- 
outer-radius  of  a  rim,  the  radial  failure 
mode  may  be  suppressed.  Further,  the  re¬ 
striction  imposed  by  extremely  low  trans¬ 
verse  tensile  strength  of  Kevlar  epoxy  may 
be  eased  by  using  a  different  rim  material, 
or  by  employing  a  ballast  or  second  materi¬ 
al  on  the  inner  radius.  In  this  paper, 
feasible  design  and  material  choices  which 
optimize  the  energy  storage  capacity  of  a 
rotating  rim  are  identified.  These  choices 
can  be  used  as  a  basis  for  developing  thick 
rim  designs . 
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RIM  DESIGN  APPROACH 

Several  different  designs  of  circnin- 
ferentially  wound  rims  with  constant  axial 
height  were  considered.  These  designs 
were  (l)  a  rim  fabricated  from  a  single 
material,  (2)  a  rim  with  lead  ballast  uni¬ 
formly  distributed  along  its  interior  edge, 
and  (3)  a  rim  composed  of  two  concentrical¬ 
ly  wound  materials  (Fig.  l) •  Designs  1  and 
2  are  special  cases  of  the  two-material  rim 
(Design  3).  The  uniform  lead  ballast  was 
modeled  by  requiring  that  the  inner  ma¬ 
terial  of  a  two-material  rim  had  a  radial 
modulus  equal  to  that  of  lead,  a  van¬ 
ishingly  small  circumferential  modulus.  E0, 
and  a  zero  in-plane  Poisson ratio  V0p. 

The  stress  distribution  induced  in  the 
spinning  rim  was  determined  from  a  plane 
stress  analysis.  The  Appendix  contains  the 
solution  of  the  plane  stress  field  equa¬ 
tions  for  the  case  of  the  two-material  rim. 
Since  the  two-material  rim  is  the  most 
general  design,  the  remaining  discussion 
will  be  based  upon  this  case. 

The  rims  analyzed  were  required  to 
satisfy  weight,  size,  and  operating  speed 
limitations  which  appear  appropriate  for  a 
hybrid  heat' engine /flywheel  propulsion 
system  which  requires  approximately  0.5  kWh 
storage  capacity.  The  rim  outer  radius  rs 
was  set  at  10  inches,  with  a  constant  axial 
height  H  less  than  3  inches,  a  weight  W  less 
than  20  pounds,  and  an  operating  speed  of 
less  than  U0,000  rpm.  The  inside  radius  ri 
and  the  radius  at  the  material  interface  T2 
were  treated  as  free  parameters.  They  were 
chosen  in  a  manner  which  optimizes  the  rim’s 
energy  storage  capacity.  A  plane  stress 
analysis  was  performed  for  a  specified  ri 
and  r2.  The  angular  speed  required  for  the 
rim  to  exceed  a  maximum  stress  failure 
criterion  in  the  radial  direction  and  also 
the  speed  required  to  fail  the  rim  circum¬ 
ferentially  were  determined  for  each  of  the 
two  rim  materials.  This  was  accomplished 
by  searching  the  stress  distribution  for 
its  maximum  within  each  material  and  noting 
that  the  stresses  are  linear  in  the  angular 
speed  squared.  The  lowest  of  the  four 
failure  speeds  was  used  as  the  rim*s  fail¬ 
ure  speed  Rim  weight  and  polar  moment 

of  inertia  per  unit  axial  height  were  com¬ 
puted.  The  rim  height  necessary  for  a  20 
pound  rotor  was  then  determined,  subject 
to  the  3  inch  maxim-um.  Rim  weight  and  po¬ 
lar  moment  of  inertia  I  were  calculated 
based  upon  this  height,  and  kinetic  energy 
E  found  from 


A  computer  code  was  written  to  perform  these 
parametric  studies  automatically.  For  a 
given  input  of  geometry  and  materials ,  a 
plot  of  the  energy  storage  capacity  versus 
r2  for  incremented  values  of  ri  was  ob¬ 
tained.  The  values  of  rj  and  r2  which 
yield  the  greatest  energy  storage  capacity 
can  easily  be  identified  from  the  plot. 


RESULTS 

In  this  study  circumferentially  fila¬ 
ment  wound  rims  reinforced  with  graphite , 
Kevlar  il9,  S-glass ,  and  E-glass  were  ex¬ 
amined.  The  nominal  static  properties  were 
obtained  from  several  sources®’ ;  these 
are  displayed  in  Table  1.  Each  possible 
combination  of  rim  design  and  material 
choice  was  examined  with  the  design  approach 
described  above.  Plots  typical  of  those 
generated  are  shown  in  Figs.  2-4.  Each 
symbol  in  these  plots  connotes  a  particular 
prespecified  value  of  ri/r3,  the  inner-to- 
outer -radius  ratio.  The  cross-plot  of 
energy  stored  versus  r2/r3  for  fixed  values 
of  ri/r3  is  displayed  in  Fig.  2  for  a 
graphite /epoxy  outer  rim  with  an  S-glass/ 
epoxy  inner  rim.  This  plot  shows  that  the 
highest  energy  occurs  for  ri/r3  =  3,  which 
corresponds  to  an  ri/r3  value  of  O.T8j  arid 
r2/r3  approaching  0.T8.  This  indicates 
that  the  optimum  choice  for  this  case  con¬ 
tains  only  graphite /epoxy.  For  a  rim  with 
graphite/epoxy  on  the  inside  and  Kevlar  4-9/ 
epoxy  on  the  outside,  the  optimum  choices 
are  ri/r3  =  3  =  0.T8  and  r2/r3  tending  to 
1  (Fig.  3).  Therefore,  the  optimized  rim 
contains  no  Kevlar  49.  The  optimization  of 
a  Kevlar  49/epoxy  outer  rim  with  an  S-glass/ 
epoxy  inner  rim  retains  both  materials 
(Fig.  4).  The  optimum  rim  has  ri/rs  =  )  = 
0.T7  and  r2/r3  =  O.8I. 


DISCUSSION  OF  RESULTS 

Rims  fabricated  from  a  single  composite 
material  were  analyzed  first.  For  each  com¬ 
posite  material,  the  values  of  ri  and  H 
which  optimize  the  rim  energy  storage  ca¬ 
pacity  are  shown  in  Table  2.  This  table 
also  records  the  rim’s  angular  speed,  kine¬ 
tic  energy,  kinetic  energy  per  pound,  and 
kinetic  energy  per  swept  volume  at  failure. 
The  energy  storage  capacity  of  the  optimum 
graphite  reinforced  rim  exceeds  that  of  any 
rim  reinforced  with  S-glass,  Kevlar  49,  or 
E-glass.  In  turn,  the  optimum  S-glass  re¬ 
inforced  rim  can  store  more  energy  than  any 
filament  wound  rim  containing  only  Kevlar 
49  or  E-glass.  Finally,  the  energy  storage 
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capacity  of  the  optimum  Kevlar  49  reinforced 
rim  exceeds  that  of  any  E-glass  reinforced 
rim.  The  optimum  graphite  reinforced  rim 
■weighed  20  pounds,  has  a  2.95  inch  axial 
height  and  a  0.775  inner-to-outer-radius 
ratio,  and  should  store  1,13  kilowatt  hours 
at  failure. 

The  effect  of  adding  a  uniform  lead 
ballast  to  the  inner  edge  of  a  one-material 
rim  was  next  examined.  The  energy  storage 
capacity  of  ballasted  graphite,  S-glass,  or 
E-glass  reinforced  rims  is  always  less  than 
that  obtainable  in  their  optimal  unballasted 
configurations.  A  lead  ballast  did  improve 
the  optimal  energy  storage  capacity  of  a 
Kevlar  49  reinforced  rim  by  21^  (Table  3). 
The  optimum  Kevlar  49  reinforced  rim  with 
ballast  has  an  ri  of  7.8  inches,  an  H  of 
2.99  inches,  and  has  30  mils  of  lead  bal¬ 
last.  The  energy  storage  capacity  of  such 
a  rim  exceeds  that  of  any  filament  wound 
S-glass  rim,  but  still  is  less  than  that  of 
the  optimum  unballasted  graphite  reinforced 
rim. 


Finally,  rims  fabricated  from  two  con¬ 
centrically  wound  composite  materials  were 
investigated.  The  six  possible  combina¬ 
tions  of  the  composites  listed  in  Table  1 
were  analyzed.  The  three  combinations  with 
a  graphite  composite  as  one  of  the  materi¬ 
als  showed  no  improvement  over  the  optimum 
rim  of  graphite  epoxy.  Similarly,  the 
optimization  of  a  S-glass /E-glass  reinforced 
rim  reduced  to  all  S-glass.  Only  a  rim  with 
a  Kevlar  49  epoxy  on  the  outside  and  either 
S-glass  or  E-glass  composite  on  the  inside 
proved  to  be  a  synergistic  combination 
(Table  3).  The  energy  storage  capacity 
of  the  optimized  E-glass /Kevlar  49  rein¬ 
forced  rim  is  22^  higher  than  that  of  the 
optimal  Kevlar  49  reinforced  rim,  while 
the  energy  storage  capacity  of  the  optimum 
S-glass /Kevlar  49  reinforced  rim  is  25^ 
higher.  These  results  indicate  (l)  the 
inner  material  must  have  a  hoop  modulus 
lower  than  that  of  a  Kevlar  49  composite 
and  (2)  the  energy  storage  capacity  of  the 
rim  increases  as  the  density  of  the  inner 
composite  decreases.  Therefore,  a  Kevlar 
29  composite  appears  to  be  a  promising 
choice  for  the  inner  material.  Its  hoop 
modulus  of  7.25  X  10^  psi^^  is  signifi¬ 
cantly  lower  than  Kevlar  49/epoxy  and  yet 
has  the  same  density.  The  other  mechanical 
properties  of  a  circumferentially  wound 
Kevlar  29  composite  are  not  well  documen¬ 
ted.  It  was  assumed  that,  except  for  cir¬ 
cumferential  modulus,  Kevlar  29  and  Kevlar 
49  composites  have  the  same  mechanical 
properties.  The  energy  storage  capacity 


of  the  optimal  Kevlar  29-Kevlar  49  compo¬ 
site  rim  is  31^  higher  than  the  optimal 
Kevlar  49  reinforced  rim  (Table  3).  This 
rim  stores  94^  of  the  energy  of  the  op¬ 
timal  graphite  reinforced  rim. 


CONCLUSIONS 

Design  and  material  choices  which  op¬ 
timize  the  energy  storage  capacity  of  a 
circumferentially  wound  rim  were  identi¬ 
fied.  The  rims  were  required  to  satisfy 
weight,  size,  and  speed  limitations  which 
appear  appropriate  for  a  hybrid  heat 
engine/flywheel  propulsion  system.  It  was 
fo'und  that  the  optimal  graphite  reinforced 
rim  has  the  highest  energy  storage  capac¬ 
ity  of  all  one-material  rims .  The  addi¬ 
tion  of  either  a  lead  ballast  or  an  inner 
layer  of  a  second  composite  did  not  im¬ 
prove  the  maximum  energy  storage  capacity 
of  rims  reinforced  with  graphite,  S-glass, 
or  E-glass,  but  it  did  improve  the  per¬ 
formance  of  a  Kevlar  49  reinforced  rim. 
This  synergistic  effect  is  undoubtedly 
possible  because  of  the  low  transverse 
strength  of  Kevlar  49  composites.  The 
energy  storage  capacity  of  the  optimum 
Kevlar  29-Kevlar  49  reinforced  rim  is  31^ 
higher  than  the  optimal  Kevlar  49  rein¬ 
forced  rim,  but  (>%  lower  than  the  optimal 
graphite  composite  rim.  Therefore,  it 
appears  that  the  optimal  graphite  rein¬ 
forced  rim  is  the  best  choice  for  incor¬ 
poration  into  a  thick  rim  flywheel  design. 


APPENDIX  -  SOLUTION  OF  EQUATIONS 

The  governing  differential  equation 
for  a  rotating  cylindrically  orthotropic 
disk  in  plane  stress  is  well  known  and  is 
given  by  Gerstle^  in  terms  of  the  radial 
displacement  U.  For  a  disk  with  a  con¬ 
stant  height  the  governing  equation  is 


^60 


rr 


U  =  - 


(1) 


where  r  =  radial  distance 
p  =  density 
(1)  =  angular  speed. 

Stresses  are  related  to  the  displacement 
through  the  constitutive  relations  (the 
strains  are  expressed  in  terms  of  U) 
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where  Q. .  are  the  components  of  the  plane 
stress  stiffness  matrix.  The  appropriate 
houndary  conditions  for  a  two  matrial  rim 
(Fig.  l)  are 


a  =  0 
r 


These  constants  can  he  expressed 


'^22^1  ^12^2 


^22^11  -  ^2ll2 


a  =  0 
r 


and  hoth  the  radial  stress  and  the  radial 
displacement  distributions  are  continuous. 

An  equivalent  non-dimensional  form  of 
Eq,.  (l)  which  is  convenient  for  a  two- 
material  rim  is 
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where  for  i  =  1,2 
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1  r^  <  r  <  r^ 


2  r  2  <  r  <  1 


In  this  and  all  subsequent  references  to 
Qer^  and  p  a  superscript  enclosed  in 

parentheses  will  indicate  if  the  quantity  is 
defined  for  material  1  or  2. 


The  general  solution  of  Eq.  (3)  for 
the  case  of  a  two-material  rim  can  he 
written  as 
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The  constants  A,  B,  C,  and  D  are  chosen  to 
satisfy  the  boundary  conditions. 
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Equations  (2)  can  "be  used  to  determine  the 
stress  distribution  in  the  rim. 
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Table  1.  Circumferentially  wound  composite  properties 
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r^lr^  (Interface  to  Outer  Radius  Ratio) 

Fig.  2.  Graphite/epoxy  outer  rim  with  S-glass/epoxy  inner  rim.  Optimum 
choice  of  r,/r.  is  which  corresponds  to  0. 78,  and  tends 
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r^/r^  (Interface  to  Outer  Radius  Ratio) 

Fig.  3.  Kevlar  49/epoxy  outer  rim  with  graphite/epoxy  inner  rim.  Optimum 
choice  of  r^/r^  is  which  corresponds  to  .  78,  and  tends 


Energy  Stored  (kWh) 


r^/x^  (Interface  to  Outer  Radius  Ratio) 

Fig.  4.  Kevlar  49/epoxy  outer  rim  with  S-glass/epoxy  inner  rim.  Optimum 
choice  of  r^/r^  is  ),  which  corresponds  to  0. 77,  and  •  0. 81. 
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OPTIMIZATION  OF  HOOP/DISK  COMPOSITE  FLYWHEEL  ROTOR  DESIGNS 
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ABSTRACT 

An  energy  storage  flywheel  rotor  design  comprising  a  disk  of  isotro¬ 
pic  or  quasi-isotropic  composite  material  peripherally  encapsulated  in  a 
hoop  of  circumferentially  wound  advanced  fiber/resin  composite  material 
is  proposed.  Finite  element  analysis  results  on  the  effect  of  the 
modulus  ratio  and  other  materials  parameters  of  the  hoop  and  disk  (fiber 
reinforced  resin)  materials  on  the  maximum  stresses  in  these  components 
have  been  obtained.  The  closed  form  solutions  for  the  stresses  and  dis¬ 
placements  related  to  this  functional  composite  rotor  design  have  been 
established.  Parametric  studies  were  carried-out  resulting  in  a  series 
of  nomographs  leading  to  a  method  of  optimizing  this  flywheel  rotor 
configuration . 


INTRODUCTION 

During  the  past  several  years 
a  variety  of  fibexous  composite 
material  based  energy  storage  fly¬ 
wheel  rotor  configurations  have 
been  conceived,  designed  and  to  an 
extent  been  developed . ^ ^  Each 
case  or  study  has  represented  an 
attempt  by  the  design  engineer  to 
optimize  the  structure  in  terms 
of  efficient  and  effective  materials 
utilization.  Designing  with  regard 
to  optimizing  the  energy  storage 
capacity  of  the  flywheel  rotor  per 
weight  or  volume  have  been  some  of 
the  considerations . ^ ^  More 
recently,  the  designs  of  energy 
storage  flywheel  rotors  and  rotor 
systems  for  optimized  energy 
storage  capacity  per  unit  cost  has 
become  an  important  consideration.^ 
It  is  evident  that  the  design  and 
development  of  energy  storage  fly¬ 
wheel  systems  of  high  energy  storage 
capacity,  low  cost  and  occupy  a 
small  functional  volume  are  needed 
if  the  wide  spread  commercial  use 
of  energy  storage  flywheels  is  to 
be  realized;  this  is  especially 
true  in  transportation  and  certain 
consumer  product  applications. 

Toward  this  end,  therefore,  the 
design  and  study  of  filamentary 
composite/resin  based  flywheel 


rotors  is  the  active  pursuit  of  a 
number  of  engineering  researchers 
in  the  field  of  flywheel  technol¬ 
ogy. 

In  this  paper,  a  flywheel 
design  is  presented  and  mathe¬ 
matically  analyzed  with  regard  to 
optimzing  its  energy  storage 
capacity  per  weight,  volume  and 
cost.  This  design  can  be  referred 
to  as  a  hoop-disk  configuration 
(see  Figure  1) .  It  is  composed 
of  a  central  disk  of  low  cost 
isotropic  or  quasi-isotropic 
material  of  low  to  moderate 
strength  (and  modulus)  encircled 
by  a  peripheral  hoop  winding  of 
high  strength  (and  modulus)  ad¬ 
vanced  fiber  composite  material. 

One  can  demonstrate  the 
principle  of  this  hoop-disk  fly¬ 
wheel  rotor  design  by  a  specific 
example;  if  a  disk  of  chopped 
glass  fiber  reinforced  epoxy  resin 
(10"  radius,  1"  thick)  is  spun  to 
destruction,  according  to  the 
equations  for  rotational  dynamics 
of  spinning  disks  of  isotropic 
materials®'^,  the  disk  will  fail 
at  about  16,000  rpm  (6  watt-hrs/ 
lb)  assuming  the  materials  proper¬ 
ties  as  tensile  strength  -  20,000 
psi,  poisson's  ratio  of  0.4  and  a 
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density  of  0.059  Ibs/in  .  Now,  if 
loop  or  hoop  of  higher  modulus 
higher  strength  unidirectional 
composite,  e.g.  carbon  fiber  rein¬ 
forced  epoxy  (unidirectional)  hoop 
winding  (modulus  equal  to  21  x 
10^  psi  and  a  tensile  strength  of 
180,000  psi)  is  wrapped  around  the 
outer  edge  of  this  disk,  a  compres¬ 
sive  stress  will  be  produced  in  the 
disk.  This  will  reduce  the  tensile 
stress  in  the  disk  thus  making  the 
hoop-*disk  rotor  system  capable  of 
higher  rotational  speeds  before 
failure  of  the  disk  occurs.  However, 
the  strength  of  the  hoop,  through 
thickness  optimization  and/or 
materials  property  modification 
(selection  of  the  proper  composite 
hoop  material)  must  be  capable  of 
sustaining  the  tension  stresses 
produced  by  the  centrifugally 
expanding  disk  as  well  as  the 
tension  stresses  in  the  hoop  itself. 
The  rotationally  induced  stresses 
in  the  complete  hoop-disk  system 
must  be  considered. 

In  light  of  this  argument, 
we  have  proceeded  in  this  paper  to; 

1.  Develop  the  closed  form 
solution  for  stresses  in  a 
hoop-disk  rotor  configuration 
where  the  disk  is  considered 
an  isotropic  material  and 
the  hoop  an  orthotropic 
material . 

2.  Perform  some  mathematical 
parametric  studies  to 
optimize  this  design. 

3.  Establish  some  design 
parameters  and  nomographs 
for  the  convenient  selection 
of  the" geometry  of  the  hoop- 
disk  rotor  configuration  that 
would  be  optimum  for  a  given 
combination  of  disk  and 

hoop  materials. 

DEVELOPMENT  OF  STRESS 
EQUATIONS 

( See_  Appendix  I ) 

OPTJMIZAI^ION  AND  NOMOGRAPHS 

Equations  (8) >  (9) y  (10)  /  and 
(11)  give  stress  factors.  Para¬ 
meters  on  which  these  factors  depend 


\ 

are  the  non-dimensional  ratios, 

M  =  (Ee/Ed) ,  C  =  (a/b) ,  D  =(Pd/Ph' 
and  R  =  (r/b) . 

For  the  determination  of 
design  stresses,  the  expressions 
for  these  stress  factors  are  max¬ 
imized  with  respect  to  r.  Maxi¬ 
mum  stresses  in  the  disk  occur 
at  its  center  and  are  given  by: 

Max. Sr  =Max.Se  —P^-^ — g — ^2) 

Maximization  of  stresses  in  the 
hoop,  however,  is  somewhat  compli¬ 
cated.  An  appropriate  way  to 
achieve  this  is  by  using  Newton's' 
method  to  find  R  fgr  the  maximum 
values  of  and  Sq  and  then  de¬ 
termine  these  values  at  the  R  ^ 
so  found.  Maximum  and  max. S 
are  plotted  in  Figure  2,  against 
C  for  different  values  of  M  (21, 

30,  42,  50  and  60).  Comparable 
values  of  max.  are  plotted  in 
the  Figure  3 . 

Maximum  tangential  stress  in 
the  thick  hoops  (a/b  <  0.4)  occurs 
near  the  outer  surface,  at  R 
0.84;  while  for  the  thinner  hoops 
(a/b  >  0.4),  it  occurs  at  the 

inside  surface.  This  is  the 
reason  why  a  discontinuity  in  the 
slope  of  these  curves  occurs  at 
about  C=  0.4.  On  the  other  hand, 
maximum  radial  tensile  stress 
factor  occurs  always  away  from  the 
inner  surface,  from  R  -  0.65  for 
C  -  0.0001  to  R  1  for  C  >  0.8. 

We  have  found  that  the  effect 
of  E6/ER  and  Poisson's  ratios  on 
these  stresses  is  not  very  signi¬ 
ficant.  But,  the  values  of 
increase  linearly  with  the  denfcity- 
ratio  while  those  of  decrease. 

So  a  correction  factor  can  easily 
be  employed  to  account  for  this 
effect.  Hence,  the  nomographs  of 
major  design  utility  are  as  given 
in  Figures  2  and  3 . 

The  use  of  the  information 
presented  in  Figures  2  and  3  can 
best  be  demonstrated  by  describing 
a  specific  example: 

Disk:  material  is  30%  chopped 
glass  fiber  filled 
polycarbonate ,  for 
which  the  properties  are 
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0.95  X  10®  psi 
ultimate  strength  = 

20,000  psi  o 
0.0686  Ib/in 
0.4 

Let  us  assume  radius  of  the 
disk  =  11  in. ,  and  run  it  at 
25,000  rpm  to  develop  17  WH/lb 
(440  WH) .  But  at  this  speed  the 
disk  will  fail  because  it  is 
developing  a  maximum  stress  of 
about  63,000  psi  which  is  higher 
than  the  strength  of  its  material. 
The  safe  speed  it  can  take  is 
about  14,000  rpm  to  yield  about 
5  WH/lb  (138  WH) .  Now  let  us  wind 
a  hoop  of  an  orthotropic  material 
whose  density  is  0.055  Ib/in^ 
around  the  outer  edge  of  this  disk. 
The  value  of  the  quantity  P^w^b^  = 
120,000.  For  a  stress  of  20,000 
psi  in  the  disk  Sq  =  0.1667.  This 
will  give,  for  D  =  1.3722,  a  range 
of  a/b  from  0  to  about  0.68,  (from 
Figure  2) ,  and  a  range  of  E0/Ed 
from  21  to  50.  Consider,  for 
example,  the  graphite  epoxy 
composite,  En-  21  x  10^  psi.  Yd  ” 
0.055  Ib/in^,  tensile  strength  = 
180,000  psi  and  transverse 
strength  =  6000  psi.  We  see  from 
Figure  3  that  for  E0/Ed  ^  22,  the 
maximum  radial  (transverse)  stress 
does  not  exceed  2400  psi  which  is 
less  than  its  transverse  strength. 
So,  the  hoop  is  safe.  This  fly¬ 
wheel  is  then  a  combination  of 
an  isotropic  disc  of  radius  about 
7.5  in.;  and  orthotropic  hoop  of 
outer  radius  equal  to  11  in.  It 
develops  about  17  WH/lb.  at  25,000 
rpm;  the  disk  hoop  materials  pro¬ 
perty  combination  and  geometric 
considerations  have  therefore  been 
optimized.  By  these  nomographs  we 
can  now  proceed  to  design  other 
combinations  such  that  both  the 
disk  and  the  hoop  fail  approximately 
at  the  same  time.  The  above 
example  comes  quite  close  to  this 
design  aspect. 
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Figure  I  (b)  Disk  R  B.D.  Figure  I  (c )  Hoop  R  B.D. 


Ejj  =  Modulus  of  Elasticity  of  disk  Material 

E^,Er=  Tangential  and  Radial  Moduli  of 
the  hoop  materials 

Poisson’s  ratios  of  the  disk  and 
hoop  materials 

y.z.  Weight  densities  of  the  disk  and 
’  hoop  materials 

Da  Du  ~  Mass  densities  of  the  disk  and 
hoop  materials 
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APPENDIX  I  -  DEVELOPMENT  OF  STRESS  EQUATIONS 


According  to  mechanics  theory^ /  stresses  and  displacements  in  a  disk 
at  any  radius  r  and  angular  velocity  o)  are  given  by: 

Or  =  -P  +  P^o)^  (a^  -  r^)  i 


Ofl  =  -P  + 


(3  +  V, 


P^o)^  [a^- 


2  (1  +  3Vri)  2' 


-p  (l-Vd)r  ,  (1  -  Vri) 


(3  +  Vd)  ^ 

P  ,to^r  [(3  +  Vd)a^-(1  +  v^)r^3 


where  the  symbols  and  terms  are  defined  in  Figure  1. 

Furthermore,  stresses  and  displacements  in  a  hoop  at  any  radius  r  and 
angular  velocity  co  are  given  by®: 

K+3  K-3  _ 


(3  +  Vq)  pi _ ^2K  ^  i _ *"2K  C  '  /5.V 


b.K+1 


a,  =  K[g2K  (&) 


r  K-1  1-C  c 

b)  -  -I 


„  -tv  K-1  , b.K+1 

-  (K^  +  3ve)(|)2}  +g_2K^[(b)  +  (?)  ] 


u  =  +  ^e)t(K  -  Vg)  |i§!K^  (b)^-  (K  +  Vg) (l-c2K  )  C 


.1-ci-^  K+3 


Eq  (9-K^) 


•'?  ]  -  (k2-..,2)  (|)^ 


0 


where 


y^R  ' 


C  =  ? 


b  and  ^ 


Imposing  the  boundary  conditions  (u)^  -  ^  in  disk  =  (u)^.  _  ^  in  hoop, 
and  employing  equations  (3)  and  (6)  we  can  get  the  pressure,  p,  at  the 
contact  surface  between  the  disk  and  hoop,  into  an  equation  of  non- 
dimensional  form  given  by: 

T,  _  P  _  r  (1-V^)  ,^^,3  _  _ 1 _ ^  r,^  .  ..  .  r  .  ,1-C?^;^^.  _K 


"  pTu^b^-  ^  M(9-k2)  ((3  +  V0)[(K-V0)  (rr§2K  )C*^  -  (K+Vg) 


^  pj^a3^b^  ^  4  ^  ''0/ L  VJ^-V0;  ~ 

1  /  K+1 

•  (l±,g-2K  )c3  ]  _  (k2_v^2)  c^}]! {1-v<3)C  +  §(i_c2K)  [(K-V0)C*^  +  U  +  Vg)C-K]] 


where  M  =  Eq/E^,  and 
D  =  P/Ph 
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Non-dimensional 

factors  of 

and  Og 

are  thus 

given  by: 

Disk 

-  ir  = 

-P+ 

D 

8 

(C2  - 

r 

(8) 

Sd  =  = 

“P+ 

D 

(c2  - 

a+3v.) 

(3+V(j) 

r  2x 

(bi  > 

(9) 

(10) 


(11) 


/ 
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ABSTRACT 

The  problem  of  finding  the  stress  state  in  quasi-circular  (both  sub-  and  supercircular) 
flywheels  is  here  studied  and  solved  with  the  following  assumptions:  both  the  hub  and  the 
wire  show  an  elastic  behaviour;  the  bending  stiffness  of  the  wire  is  negligiblei  the  ra¬ 
tio  between  the  cross  Sectional  area  of  the  winding  and  the  one  of  the  wires  does  not 
change  with  the  speed  (except  for  the  effect  of  Poisson’s  ratio),  the  radial  displacement 
of  the  hub  is  small  enough  to  be  neglected  in  the  calculation  of  the  centrifugal  force. 

Some  spin  tests  already  run  gave  results  which  are  in  good  agreement  with  the  calcula¬ 
tions. 


INTRODUCTION 

Quasi-circular  bare  filaments  flywheels 
consist  of  a  hub,  which  is  spoked  or  has  a 
multi lobe  shape,  and  of  a  certain  length 
of  wire^  or  filaments^  wound  around  it  tn 
such  a  way  that  each  filament  is  laid,  at 
rest,  on  a  line  lying  between  the  circum  - 
ference  and  the  chord  passing  on  the  points 
on  which  it  is  supported^  In  this  way  the 
wire  exerts  a  compression  force  on  the  hub 
When  the  disk  in  rotation  (fig.  1) 


Fig.  1  -  Bag  ic  principle  of  subcircular 
winding 

T:  stress  in  the  wire 
F:  compressive  force  on  the  hub 


Flywheels  of  this  type  can  be  regarded 

as  a  kind  of  the  conventional  rim  -  with  - 

spokes  flywheel;  with  the  following  advan¬ 
tages; 

a)  The  rim  is  made  of  wires;  the  very  high 
specific  strength  of  wires  and  fibers 
can  be  fully  used 

b)  The  rim  is  not  subject  to  bending  loads 

c)  The  spokes  can  be  built  using  a  material 
whose  specific  strength  is  lower  than  the 
one  of  the  rim, 

The  advantages  over  composite  material  fila¬ 
ment  wound  rotors  are  the  following. 

d)  The ye  is  no  matrix  and  no  de lamination 
problems . 

n)  If  is  possible  to  use  low— cost  well- 
known  materials  as  steel  wire. 

f)  If  steel  wire  is  used,  very  high  energy/ 
volume  ratios  can  be  reached  at  low 
speed.  This  can  be  useful  for  vehicular 
applications. 

g)  They  are  easy  to  build  and,  likely, they 
cost  less  than  fl3rwheels  of  other  type^ 
with  similar  performances. 


ANALYSIS 

SHAPE  OF  THE  WIRE 

The  equilibrium  equations  for  a  wire  of 
constant  cross  section  A  and  of  negligible 
bending  stiffness  in  a  centrifggal  field 
(fig.  2)  are: 

TA  sin  da  +  (T+dT)A  sin  da  “  dF^  sin  ip  (1) 
TA  cos  da  —  (T  +  dT)A  cos  da  *  dF^  cos  ip(2) 
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The  derivative  d\(^/de  can  be  calculated  from 
eq.  (6)  and  (7)  : 


[r^  .  (f)2] 


Equations  (12)  and  (11)  give  the  equa  - 
tion  i^ich  solves  the  problem: 


d^r  _  /dr ^2  .  r  ?./drs2,  3r^-K 
d92  r^-K 


(13) 


Fig.  2  -  Forces  on  a  wire  in  a  centrifugal 
field 

The  length  ds  and  the  centrifugal  force  dF^ 
can  be  expressed  as: 

ds  -  de  +  (dr/ae)^  (3) 


dF^  =  pAw^r  d0  / r  +  (dr/d0)' 


Angles  da  I  0  and  are  linked  by  the  rela-* 
tionship: 

da  =  "I  (de  +  d^i)  (5) 


sin  -  r  /  l/r^  +  (dr/d0)^  (6) 

cos  \p  *  (dr/d0)  /[/^  +  (dr/d0)^  (7) 

eq.  (1),  (2),  (3)  arid  (4)  yeld: 

T(1  +  If )  *  PW^r  (8) 

dT  =  -  poj^r  dr  (9) 

In  eq.  (8)  and  (9)  all  terms  except  the 
first  in  the  Taylor  series  of  sin  da  and 
cos  da  have  been  neglected. 

Equation  (9)  can  be  integrated  as: 

T  -  p(i)2  (K  -  rh/2  (10) 

^  is  ,a  const^f. tp  be  calculated  from  the 
Voiindafy  conditions/ 

Equation  (10)  and  (18)  yield: 

(K  -  r^)  (1  +  g)  =  2r^  (11) 


As  far  as  the  A. A.  know,  eq.  (13)  can¬ 
not  be  integrated  analitically  (®).  It  can 
be  adimensdonalized,  in  such  a  way  that  a 
set  of  solutions  (each. one  characterized 
ijy  a  value  of  K)  can  describe  all  possible 
filament  configurations. 

Putting: 


dr^ 

de  “  ' 


where  R  is  defined  in  fig.  3,  eq.  (13) 
yield: 

(  ^  ^  *  h  * 

<  ^  h  (15) 

dx 


(®)  Only  after  having  written  this  work  the 
A. A,  knew  that  eq.  (13)  can  be  transformed 
into  the  equation; ^ _ 

§  -  i  r  -1  tI3.) 


As  dr/d0  =  0  and  r  =  R  for  0  =  0  (fig.  B) , 
it  is  possible  to  evaluate  A: 

A  =  (R^  -  K)^ 

Eq.  (13a)  cap  be  adimensionalized  as.  eq. 
(13),  yieldingt 


1  -  K, 


X  (x^  -K;  )^-(l-i:.)^ 

^  ^(15a) 


As  eq.  (13a)  leads  to  an  elliptic  integral, 
and  must  be. integrated  in  a  numerical  way, 
the  use. of  eq.  (13)  is  equivalent  to  the 
use  of  eq.  (13a). 
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Fig.  3  -  Definition  of  the  angles  0  and 

0,  arid  of  R  and  R^.  ° 

1  e 


where  =  K/R^. 

For  0  “  0,  the  boundary  conditions  are: 


y  =  0  (for  siiiimetry) 
X  =  1  (fig.  3) 


(16) 


Angle  0^  is  given  when  the  shape  of 
the  hub  is  ^nown*  Equation  (15)  can  the¬ 
refore  be  integrated  for  0  increasing  from 
0  to  0^. 

If  1  <  <  3  the  line  lies  outside 

the  circumference  whose  radius  is  R  (su  - 
percircular  shapes).  If  K  =  3  the  ^circum¬ 
ference  is  obtained.  For  ^  3  <  K,  <  »  the 
solution  lies  between  the  arc  and  the  chord 
(.atbcircular  shapes).  If  «  it  is  pos¬ 

sible  to  obtain  the  analytical  solution  x* 
l/cos0,  i.e.  the  chord  connecting  the  two 
spokes  - 


Once  performed  the  integration  x  * 
x(0^)  and  y^  =  y(0]^)  are  known  and  it  is 

possible  to  telate  all  parameters  to  R  | 
which  is  one  of  the  design  parameters, ^in¬ 
stead  of  relating  them  to  R,  which  is  one 
of  the  unknowns. 


The  stress  T  and  the  radial  force  f  on 
each  spoke,  and  the  stress  T  for  e  -  0  can 
be  calculated  as: 


f  «  A  cos  (0  -  6-)  p  03^  R^  Q 

o  1  e 

(17) 

(«e.9,  ■  ““"K  '■ 

(18) 

■  P»V8. 

(19) 

where  Q,  P,  and  S  are  the  following  fun  - 
ctions  of  K^,  x^  and  y^; 

P  =  (K^  -  x^)  /  {2x^) 

(20) 

S  =  (K^  -  1)  /  (2x5) 

(21) 

Q  =  -  2P  cos  1(1  =  (x^  ^x^+yp . 

(22) 


The  length  L  of  the  wire  between  two 
spokes  and  its  stretching  AL*  under  the  ef¬ 
fect  of  T  are: 


L  *=  R  N 
e 

(23) 

AL  =  M/E, 

e 

(24) 

where : 

h 

N  « 

X- 

/ 

^  x^  +  y^  de 

(25) 

1 

0 

M  - 

1_ 

3 

01 

/ 

(K^-x)  l/  x^  +  y^  de 

(26) 

^1 

o 

The  five  functions  M(K^)  ,  N(Kj^),  P(K^), 

Q(K^)  and  S(K^)  allow  to  calculate  all  the 

possible . configurations  and  stress  states 
of  a  wire,  wound  around  a  given  hub,  or, 
better,  all  the  hubs  characterized  by  the 
angle  0^. 

Some  of  the  possible  configurations 
for  a  filament  wound  around  a  12 -spokes 
hub  are  shown  in  fig.  4. 

It  is  possible  to  regard  Q  as  the  inde¬ 
pendent  variable  ,  and  to  express  the  re  - 
maining  four  functions  M,  N,  P  and  S  as 
^'^iictions  of  Q. 

Those  functions  are  plotted  in  fig.  5 
for  0^  *  15®,  18®  and  22,5®. 

As  far  as  approximated  calculations  a- 
concerned,  the  following  single  expres¬ 
sion  can  be  used: 
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Fig*  4.  Configurations  of  a  wire  wound 
around  a  12  spokes  hub  (6^=15°) 


=  [a] 


where  a^^  =  a^^  =  20^  and  a^^  =  a^^  ==  1* 

The  remaining  a^^  can  be  calculated 

from  the  numerical  integration  of  eq. (15) . 
If  two  different  values  of  [a]  are  taken, 
according  on  the  sign  of  Q,an  approxima  - 
tion  better  than  .001%  can  be  obtained  on 
M,  N,  P  and  S  for  -  0,15  <  Q  <  0,15, 


-.11  -.10  -.Of  0  .01  .10  9  .11 

Fig,  5,  Functions  M(Q) ,  N(Q),  P(Q)  and 
S(Q)  for  6^  =  15°,  18°  and  22.5° 


INTERACTION  BETWEEN  THE  HUB  AND  THE  WIRE 

The  displacement  u"of  the  tip  of  the 
spokes  can  be  written  as: 

u  =  +  '^2^  9  (28) 

where  B-  and  B^  are  constants  (if  the  hub 
material  has  an  elastic  behaviour),  which 
can  be  calculated  from  the  hub  geometry 
using  hny  stress-analysis  method  (e,g.  pla 
ne  stress  disk  theory  and  beam  theory  for 
simple  cases,  finite  element  method  for 
the  more  complex  ones). 

If  all  wires  in  each  layer  behave  in 
the  same  way,  the  force  F  due  to  n^  layers 
of  n^  wires  is: 

i 

F  =  2  n.  f.  (29) 

i=i  2  " 


If  the  displacement  u  is  small  enough 
that  the  variations  of  centrifugal  force 
due  to  ft. can  be  neglected,  assuming  that 
no  compenetration  between  layers  is  possi- 


ble  (°)  (the  ratio  between  the,  cross  sec¬ 
tion  of  the  winding  and  the  one  occupied 
by  the  wire  §  =  hh) ,  eq.  (29)  can  be 
written  as: 

2 

F  =  irpn„  r,a!^  cos  (0  -e^)  S  Q.* 

"  ‘  “  *  i-l  ‘  (30) 

•[R^  ♦  (2i-l)rj  1^ 

Equation  (28J»  together  vitheq,(30)  gi¬ 
ves  the  displacement  of,  the  tip  of  the  spo¬ 
kes.  The  radius  of  the  point  in  which  the 
i^h  layer  of  wire  is  supported  is  given  by: 


Fig.  6  -  Geometry  of  the  wires  at  rest. 


=  Re+u+r^  (2i-l)  - 


r^vpo)^ 


J  2 

\2  2  ^  {;R^+(2j-l)r^  ]^  +  P..  (31) 

2 

^  2pa)2r  cos  (0  -ej 

\  I:  <!k  i", 

j=l  j  k=J  * 


where  E.  is  the  elastic  modulus  in  radial 

.J  .th 

direction  of  the  ^  layer,  calculated  ta¬ 
king  into  account  all  the  possible  stiffe' 
ning  effects  of  the  matrix  and  -ties  which 
can  be  present  over  the  spokes. 

If  spacers  are  put  into  the  winding  , 
the  thickness  of  all  spacers  which  are  un¬ 
der  the  i^^  layer  must  be  added  to  R  ,  i 

e  f 

the  wires  are  not  isotropic,  the  ratio  v/E 
in  eq.  (31)  is  ^nd  E  in  eq.  (35) 

is 

If  the  filaments  are  wound  around  a 
circular  mold,  whose  radius  is  R'  (fig. 6) 
with  negligible  stress;  the  length  of  each 
wire  is,  at  rest; 

Lq£=  2  R'  arsin  (^  sin  ep+2rj(2i-l)0j^(32) 

(“)  If  there  is  compenetration,  but  the  ra- 
tio  5  does  not  change  with  the  speed  , 
it  is  still  possible  to  perform  the 
calculation  changing  accordingly  the 
value  of  n^  in  such  a  way  that  the  ex¬ 
pression  2  gives  the  total  radial 

thickness  of  the  "winding. 


When  spacers  are  present  within  the 
winding,  the  length  of  the  i^h  layers 
which  is  over  a  spacer  of  thickness  h  put 
over  n  layers,  is; 

L^i  =  2  ^  ^  + 

r  T  (33) 

+  2R  atan  m  +  2r^  I  2(i-n)  -  ijo^ 

where : 

✓ 

x^  =  (2nr^  +  h)  cos  0  +  R*  cos 

jarsin(^^  sin  0)J  (34) 


(R^  +  2nr^  +  h)  sin0^ 


=  [  Vo  "  ^^'^2nr^)^/^^y^(R'■"2nrf)^  ]/ 

/  [(R’  ^  2nrp2  -  yjj 


if  X  <  R’  +  2nr^  and 
o  f 

m  =  o  if  X  >R'  +  2nrj; 

o  —  f 


X  =  (x  +  my  )/(l  +  m  ) 


If  the  expression  under  the  square  root 
in  m  is  negative,  the  thickness  of  the  spa¬ 
cer  is  too  small.  The  length  L  .can  also 

be  calculated,  taking  into  account  the 
stretching  of  the  wire  over  the  spokes,  as 

=  RA  ^  ^  2  (0^  -  op 

^Rj^d  -  p(o2r2p^/E)  -  R^-r^(2i-l)] 


If  there  are  spacers  under  the  i  layer, 
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their  thickness  must  be  added  to  R  . 

e 

The  calculation  of  the  stress  state 
starts  taking  a  set  of  n.  values  of 

1 

Once  the  are  known,  the  and 

can  be  easily  calculated,  and  a  set  of 
^1  ^oi  obtained  from  eq.  (30),  (31) 

and  (35).  The  values  of  so  obtained  a- 

re  compared  with  the  ones  calculated  from 
eq.  (32).  If  they  are  equal,  the  values 
of  Q.  assumed  are  the  correct  ones,  and 
the  stress  state  in  the  wires  and  in  the 
hub  can  be  computed.  If  <0  (subcircu¬ 
lar,  shape),  the  maximum  stress  in  the  wi' 
re  is  at  0  =  0,  and  must  be  used.  If 

>  0  (super circular  shape)  the  maximum 

stress  occurs  on  the  spoke,  and  is  used. 

If  the  two  sets  L  .  are  not  equal, new  va¬ 
lues  of  Q.  are  taken,  and  the  calcu¬ 

lation  ^  is  repeated. 


RESULTS 

The  stress  state  in  the  hub  and  in  the 
filaments  of  the  flywheel  sketched  in 
fig.  7  is  shown,  in  the  same  figure^  as 
an  example. 


The  stresses  in  some  points  of  the  same 
flywheel  are  shown  as  a  function  of  the 
speed  in  fig.  8.  The  stresses  are  not  pro¬ 
portional  to  the  square  of  the  speed;  the 
hub  is  subject  to  compressive  forces  which 
are  increasing  with  the  speed;  reach  a 
maximum  value,  ^nd  then  decrease,  becoming 
eventually  tensile. 

Lines  are  dotted  at  low  speed,  where  Q 
lies  outside  the  values  for  which  eq.  (27) 
gives  a  very  good  approximation. 

When  the  pressure  P  becomes  positive 
the  winding  detaches  from  the  hub .  The 
speed  at  which  this  happens  cah  be  raised 
using  an  higher  value  of  ther^adius  R*  but 
this  raises  also  the  maximum  compressive 
stresses  in  the  hub.  The  use  of  spacers 
in  the  winding  can  help  to  ^eep  low  the 
compressive  stresses  and  to  raise  the  ma¬ 
ximum  allowable  ^eed. 


Eig.  7  --geometrical  parameters  and  stress 
state  is  a  steel  wire  flywheel 
with  aluminium  alloy  hub. 


T  maximum  stress  in  the  wire;  P  pressure 
between  wires  and  hub)  as  a  function  of 
the  speed. 
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CONCLUSIONS 


T 


stress  in  the  wire 


The  method  here  developed  allows  to 
perform  the  calculation  of  the  stress  sta¬ 
te  in  quasi-circular  hare  filaments  fly¬ 
wheels  . 

The  only  assumptions  are  that  the  be¬ 
haviour  of  the  materials  is  elastic,  the 
displacements  are  small  enough  to  be  ne  - 
glected  in  the  calculation  of  the  centri¬ 
fugal  loads;  the  bending  stiffness  of  the 
wire  is  negligible,  and  that  the  ratio  bet¬ 
ween  the  cross  sectional  area  of  the 
winding  and  the  one  of  the  wires  doesn*  t 
change  with  the  speed  (except  for  the  ef¬ 
fect  cf  Poisson’s  ratio). 

It  is  possible  to  keep  into  account 
the  effect  of  spacers  put  into  the  win  - 
ding  and  of  stiffeners  which  can  be  pre¬ 
sent  over  the  spokes. 

The  results  show  that  the  stress  sta¬ 
te  is  not  proportional  to  the  square  of 
the  speed,  and  that  the  compression  in 
the  hub  at  low  speed  can  be  more  dange  - 
rous  than  the  stresses  in  the  hub  and  in 
the  wires  at  higher  speeds. 

Some  early  spin  tests  have  shown  re  - 
suits  which  are  in  good  agreement  with  the 
theoretical  ones. 


SYMBOLS 

f  radial  force  on  the  spoke  exerted  by 
one  wire 

n^  number  of  layers  of  wire 

n2  number  of  wires  in  one  layer, 

r  radius . 

r^  radius  of  the  wire  of  filament 

u  radial  displacement  of  the  outside  of 
the  hub 

A  area  of  the  cross  section  of  the  wi^ 
re 

E  young’s  modulus  of  the  wires 

F  radial  force  exerted  on  the  spoke  by 
the  winding 

centrifugal  force 

L  length  of  wire  between  two  spokes 

R’  radius  of  the  mold  used  for  the  win¬ 

ding 

R  outside  radius  of  the  hub. 
e 


9  polar  coordinate 

V  Poisson’s  ratio  of  the  wires 

5  ratio  between  the  area  of  the  cross 

section. of  the  winding  and  the  one  of 
the  wires 

p  wire  density 

angle  between  the  radius  and  the  wire 
0)  angular  velocity 

AL  stretching  of  the  wire. 
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OPTIMAL  DESIGN  OF  ANISOTROPIC  (FIBER-REINFORCED)  FLYWHEELS* 

R,  M,  Christensen  and  E.  M.  Wu 

Lawrence  Livermore  Laboratory,  University  of  California 
Livermore,  California  94550 


EXTENDED  ABSTRACT 

In  the  case  of  isotropic  material  flywheel  design,  the  optimal  configuration  is  well 
known.  The  optimal  shape  is  that  of  a  radially  tapered  section,  the  thickness  of  which  is 
governed  by  the  exponential  function.  The  criterion  for  optimazation  is,  relative  to  a 
prescribed  weight  or  volume,  that  the  flywheels  should  store  the  maximum  amount  of  kinetic 
energy.  Of  necessity,  the  failure  criterion  for  the  material  enters  into  the  consideration 
because  maximum  energy  could  be  stored  only  at  the  threshold  of  material  failure.  Further¬ 
more,  the  maximum  energy  storage  would  occur  only  when  all  points  of  the  medium  are  at  the 
same  stage  of  incipient  failure,  not  just  one  point  or  a  set  of  points.  Thus  the  design 
criterion  for  isotropic  materials  is  taken  to  be  the  maintenance  of  a  uniform  state  of 
stress  throughout  the  entire  disk.  The  closed-form  analyses  are  restricted  to  states  of 
plane  stress.  In  this  context,  the  two  principal  stresses  are  required  to  be  equal  and 
constant  throughout  the  disk;  therefore  the  design  often  is  referred  to  as  the  constant- 
stress  flywheel.  On  the  other  hand,  the  corresponding  problem  of  the  optimal  design  of 
anisotropic  flywheels  has  not  been  successfully  treated.  The  objective  here  is  to  provide 
an  optimal  design  strategy  for  the  flywheel.  The  quantity  to  be  optimized  is  the  kinetic 
energy  stored  per  unit  mass.  The  variables  to  be  adjusted  to  achieve  the  optimal  configu¬ 
ration  are  the  thickness  of  the  disk  as  a  function  of  radius  and  the  degree  and  type  of 
anisotropy.  The  analysis  will  be  restricted  to  plane  stress  conditions.  After  having  ob¬ 
tained  exact,  closed-form  solutions  for  this  problem,  the  practical  questions  of  designing 
the  wheel  will  be  considered. 


The  material  is  taken  to  be  cylindri- 
cally  orthotropic  and  in  a  state  of  plane 
stress.  The  appropriate  linear  elasticity 
form  of  the  s tress/strain  (cr/e)  relations 
is  given  by 


"0r 


(3b) 


rr  ^r^rr  ^  ^r0^96' 

(la) 

'ee  “  %r\r  ’ 

(lb) 

where 


(2) 


r  and  0  are  the  polar  coordinates,  and  the 
constitutive  coefficients  are  taken  to  be 
independent  of  position.  The  moduli  Q  , 
Q0,  and  will  be  related  to  thS 

common  engineering  moduli  measures  later. 


The  appropriate  Poisson  ratios  are 
given  by 


V 


r0 


(3a) 


where  v  q  is  the  measure  of  contraction  in 
the  0  direction  resulting  from  an  applied 
load  in  the  r  direction. 

There  arises  the  necessity  of  speci¬ 
fying  the  failure  criterion.  There  are 
many  different  criteria  used  for  the  de¬ 
velopment  of  fiber- reinforced  composites. 
Many  of  them  are  quite  complicated  and 
preclude  the  type  of  analytical  treatment 
sought  here.  A  reasonably  simple  criterion 
is  needed,  and  yet  it  is  even  more  important 
that  it  be  a  realistic  specification.  To 
this  end,  we  use  the  constant  strain  cri¬ 
terion.  At  this  point,  it  is  observed  that 
the  strain  at  failure  may  be  taken  to  be 
that  of  the  fiber  phase  at  failure,  if  the 
matrix  phase  is  sufficiently  compliant. 

Thus  the  fiber  phase  characteristics  become 
the  governing  factor  for  the  composite. 


This  report  was  abstracted  from  work  of  the  same  title  to  be  published  in  the  Journal  of 
Composite  Materials  (Vol  11,  1977). 
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Maximum  energy  storage  will  be  achieved 
when  the  material  is  used  in  the  most  effi¬ 
cient  manner.  Clearly,  this  corresponds  to 
the  condition  of  simultaneous  material  fail¬ 
ure  at  all  points  of  the  medium  (at  the 
critical  speed) .  A  condition  consistent 
with  the  use  of  the  strain  failure  criterion 
is  given  such  that  the  strain  state  is 
independent  of  radius  r: 

e  (r)  =  e^ioCr)  =  e(constant).  (4) 
rr  yw 

Note  that  Eq.  (4)  requires  more  than  the 
usual  statement  of  a  maximum  strain  cri¬ 
terion  because  both  components  of  strain 
are  specified  to  have  the  failure  value. 

Under  plane  stress  conditions,  the  com¬ 
patibility  equation  has  the  form 


Obviously,  this  governing  condition  is 
satisfied  by  Eq.  (4).  It  remains  to 
satisfy  the  equilibrium  equation  under 
steady-state  conditions; 

--^(hra  )  “  haQQ+pa)\r^  ==  0  ,  (6) 

dr  rr  09 


where  the  thickness  of  the  disk  is  an  un¬ 
known  function  of  radius, 

h  =  h(r)  , 

p  is  the  density,  and  O)  is  the  angular 
speed . 

The  preceding  equations  may  be  inte¬ 
grated  to  obtain  the  thickness  function  as 

h  -  kr-<l  -  “>  .  (7) 

where 


2Q^(l  +  v^,)e  • 


<1  +  V  )Q,  > 


and  k  is  the  constant  of  integration. 

The  objective  is  to  maximize  the  ki¬ 
netic  energy  stored  j)er  unit  mass  of  the 
flywheel.  The  kinetic  energy  is  given  by 


i  p»7/ 


h(r)r^(r  dG  dr),  (10) 


where  the  integral  is  over  the  plane  of  the 
disk.  Similarly,  the  total  mass  is  given 
by 


M  =  p  JJ h(r)  (r  d0  dr)  . 


Substituting  Eq.  (7)  into  Eqs.  (10)  and  (11) 
gives 


It  is  the  right-hand  side  of  Eq.  (12) 
that  is  to  be  maximized  by  varying  the 
degree  of  the  anisotropy .  The  thickness 
variation  already  has  been  obtained  through 
the  restriction  that  the  material  must  fail 
simultaneously  throughout  the  entire  disk. 
An  examination  of  the  terms  in  Eq.  (12) 
reveals  that  there  is,  in  fact,  no  further 
optimization  to  be  performed.  The  combi¬ 
nation  of  terms  Q  +  Qq  +  is  an 

invariant  with  reipect^to  coordinate  ro¬ 
tation,  even  though  the  individual  terms 
vary  depending  upon  the  orientation  of  an 
individual  lamina  relative  to  the  given 
coordinate  system. 

This  property  of  invariance  has  been 
derived  by  Tsai  and  Pagano*  using  the  ten¬ 
sor  transformation  laws  for  anisotropic 
media  properties.  Thus,  whether  the  entire 
reinforcement  is  radial,  circumferential, 
or  any  combination,  it  is  still  the  same 
maximum  energy  density  that  is  attainable. 
Of  course,  to  achieve  this  maximum  energy 

density,  the  disk  must  have  the  thickness 
variation  dictated  by  Eq .  (7),  and  very 
different  shapes  are  involved  depending 
upon  the  type  of  anisotropy  involved.  The 
corresponding  isotropic  material  results 
can  be  extracted  from  Eq.  (12)  by  letting 


S.  W.  Tsai  and  N.  J.  Pagano,  "Invariant 
Properties  of  Composite  Materials,"  in 
Composite  Materials  Workshop,  S.  W.  Tsai, 
J.  C.  Halpin,  and  N.  J.  Pagano,  Eds. 
(Technomic  Publication  Company,  Stamford, 
Connecticut,  1968). 
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with  E  and  V  being  the  corresponding  iso¬ 
tropic  properties*  Thus,  for  the  isotropic 
(I)  case,  the  result  can  be  shown  to  be 


T  ^  Ee 

(1  “  V)p 


(13) 


The  final  results  of  the  optimization 
analysis  are  both  Eq,  (12),  which  gives  the 
kinetic  energy  stored  per  unit  mass  as  a 
function  of  the  material  properties,  and 
the  corresponding  shape  solution,  Eq.  (7), 
which  also  depends  upon  the  material  proper¬ 
ties.  A  remarkable  result  emerges  in  the 
derivation.  As  long  as  the  appropriate 
optimum  shape  is  used  for  a  given  ratio  of 
radial  to  circumferential  reinforcement, 
the  corresponding  energy  storage  capacity 
is  the  same  for  the  entire  spectrum  of  op¬ 
timum  shapes. 


circumferential  reinforcement,  it  is  inter¬ 
esting  to  note  from  Eq,  (7)  that  the  opti¬ 
mal  shape  involves  a  section  that  thickens 
with  increasing  radius  near  the  origin,  has 
a  maximum  thickness  at  some  determinable 
radius,  and  thereafter  tapers  to  vanishing 
thickness.  Obviously  the  case  of  equal 
radial  and  circumferential  reinforcement 
is  the  most  practical  configuration. 


A  flywheel  could  be  constructed  with 
equal  radial  and  circumferential  reinforce¬ 
ment.  This  certainly  is  more  general  than 
the  isotropic  case.  However,  it  can  be 
shown  that  identical  results  emerge  for  the 
energy  storage,  whether  the  system  is  iso¬ 
tropic  or  just  of  equal  stiffness  in  the 
radial  and  circumferential  directions. 

(The  latter  case  is  orthotropic  but  not, 
in  general,  isotropic.) 


The  next  problem,  then,  is  how  to 
select  the  **best"  shape  with  the  corre¬ 
sponding  type  of  anisotropy.  The  answer 
to  this  problem  lies  in  the  realm  of  prac¬ 
tical  design.  Consider  the  shape  solution 
of  Eq.  (7).  For  a  <  1,  radial  reinforce¬ 
ment  dominates,  and  it  is  seen  that  the 
thickness  solution  is  singular  at  r  =  0. 

On  the  other  hand,  for  a  >  1,  circumferen¬ 
tial  reinforcement  dominates  and  from  (Eq, 
7)  it  is  seen  that  at  r  =  0,  h  -  0.  It  is 
only  in  the  case  of  a  =  1,  which  corre¬ 
sponds  to  equal  radial  and  circumferential 
stiffness,  that  there  is  not  an  unappealing 
and,  in  fact,  an  impossible  design  condi¬ 
tion  at  r  =  0.  In  the  case  of  predominant 


One  question  to  be  raised  at  this  point 
is  whether  the  fiber-reinforced  flywheel, 
with  fibers  arranged  to  give  an  effectively 
isotropic  property  characterization,  has 
any  advantage  over  a  ring-type  fiber- 
reinforced  flywheel.  The  limiting  case  of 
fiber  effects  only  shows  that  these  two 
configurations  give  the  same  energy  storage. 
However,  the  solid  wheel  has  a  design  ad¬ 
vantage  over  the  ring:  it  is  more  efficient 
in  space  use,  having  less  swept  volume. 
Second,  it  is  likely  to  be  more  efficient 
and  stable  under  conditions  of  acceleration 
and  deceleration  (the  attachment  of  the 
ring- type  wheel  to  spokes  and  hubs  may 
cause  problems) . 


(a) 


(b) 


Fig.  1.  Schematic  diagram  of 
isotropic  flywheels;  Ca) 
parallel  laminas  where  the 
prescribed  flywheel  shape  is 
obtained  by  varying  the 
planar  size  of  the  succession 
of  laminas,  and  0)1  laminas 
arranged  at  equal  angles, 
possibly  providing  more 
effective  stress  transfer 
than  the  (a)  design. 
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Finally,  with  regard  to  the  question 
of  the  actual  design  layout  of  an  isotropic 
fiber-reinforced  flywheel,  consider  the 
schematic  diagrams  shown  in  Fig.  1.  A 
flywheel  can  be  constructed  by  laying  up 
laminas  at  various  angles  to  obtain  the 
isotropic  property  distribution.  In  the 
example  of  Fig.  la,  all  laminas  are  parallel; 
the  prescribed  flywheel  shape  is  obtained 
by  varying  the  planar  size  of  the  succession 
of  laminas.  This  configuration  has  an  ap¬ 
pealingly  simple  means  of  fabrication. 


However,  an  alternative  scheme  also  must 
be  considered.  An  isotropic  laminate  com¬ 
posed  of  several  laminas  arranged  at  equal 
angles  could  be  constructed;  these  lami¬ 
nates  then  could  be  placed  in  the  config¬ 
uration  shown  in  Fig.  lb,  possibly  provid¬ 
ing  a  more  effective  stress  transfer  sys¬ 
tem  than  that  in  the  Fig.  la  design.  Con¬ 
siderations  such  as  these  alternative 
schemes  are  best  pursued  through  numerical 
studies  using  three-dimensional  elasticity 
models. 
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ABSTRACT 

The  higher  shape  efficiency  of  the  isotropic  constant  stress  disc  profile  is  brought 

about  by  the  transfer  of  body  force  loading  in  the  outermost  portions  of  the  disc  back  to 

the  disc  hub  region.  This  is  difficult  to  accomplish  with  a  fiber  composite  disc  because 

of  its  low  transverse  strength.  However,  the  same  end  might  be  accomplished  in  a  rim 

type  flywheel  design  through  use  of  a  full  overwrap  around  the  rim,  tying  back  to  the  hub. 
This  is  an  extension  of  the  "Bandwrap"  design  but  involves  considerably  more  analysis  com¬ 
plexities.  A  model  and  computer  program  developed  at  the  Oak  Ridge  Y-12  Plant*  calculates 
the  thickness  and  elastic  properties  versus  position  on  the  overwrap.  The  thickness  is 
calculated  based  on  coverage  per  band,  number  of  bands,  and  band  thickness  at  a  given 
radial  coordinate.  The  elastic  properties  are  derived  assuming  the  overwrap  material  to 
be  modeled  by  the  properties  of  an  angle  ply  laminate.  The  thickness  and  properties  pro¬ 
vide  input  to  a  finite  element  model.  A  linear,  elastic  finite  element  analysis  provides 
an  estimate  of  the  energy  storage  potential  for  this  design.  The  model  was  two-dimens ionally 
axi symmetric  and  was  analyzed  using  the  ADINA  finite  element  program. 


CONCEPTUAL  DESIGN 

The  "Deltawrap"  flywheel  design  in¬ 
corporates  a  rim,  hub,  and  overwrap  con¬ 
necting  the  two.  The  elements  of  the 
design  are  illustrated  in  Figure  1.  The 
rim  is  similar  to  rims  used  in  other  fly¬ 
wheel  designs^,  and  many  of  the  rim 
considerations  are  independent  of  this 
design.  The  hub  simply  provides  a  con¬ 
nection  between  the  overwrap  and  driving 
shaft.  The  hub  must  be  designed  in  close 
relationship  with  the  overwrap  design. 

The  key  element  in  the  Deltawrap 
design  is  the  overwrap.  The  overwrap 
performs  several  functions.  The  primary 
function  is  to  connect  the  rim  and  hub 
and,  thereby,  the  shaft.  It  also  provides 
torque  load  capability,  rigidity  in  the 
rim-hub  coupling  to  reduce  dynamic  pro¬ 
blems,  and  external  pressure  on  the  rim 
to  lower  the  rim  hoop  stresses. 

If  sufficient  advantage  can  be  taken 
of  the  external  pressure  applied  to  the 
rim  by  the  overwrap,  then  the  energy 
storage  capacity  may  be  increased.  The 
isotropic  material  flywheel  may  be  fab¬ 
ricated  in  a  shape  derived  to  maintain  a 
constant  stress  throughout.  It  is  a  more 
efficient  energy  storage  flywheel  because 


Fla.  I.  DELTAWRAP  FLYWHEEL  CONCEPTUAL  DESIGN. 
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the  higher  body- force  loadings  in  the  ele¬ 
ments  near  the  outside  are  carried  by 
transfer  back  to  elements  near  the  hub. 

If  the  composite  flywheel  is  fabricated  by 
circ  winding,  most  composites  are  too  weak 
in  transverse  loading  to  carry  the  body 
forces  back  to  inner  elements.  The  fibers 
in  the  overwrap  are  near  radial.  It  is 
easily  shown  that  the  radial  rod  has  its 
highest  stress  at  the  center  of  rotation 
and,  that  for  the  same  speed,  has  a  lower 
maximum  stress  than  the  rotating  rim. 
Therefore,  the  radial  rod  can  carry  some 
additional  load  before  failure. 

From  a  simplistic  view,  the  rod  has 
the  same  radial  displacement  capability 
as  the  thin  rim  since  it  is  the  same 
strain  level;  but  it  will  not  displace  the 
same  in  the  rotational  gravity  field  be¬ 
cause  the  radial  rod  is  not  uniformly 
stressed.  Thus,  there  is  automatically  an 
interference  condition  when  the  radial 
fibers  are  wrapped  around  the  rim  and  the 
assembly  is  spun.  This  applies  additional 
tensile  stress  in  the  radial  fibers  and 
external  loading  to  the  rim.  If  the  over- 
wrap  thickness  is  designed  properly,  the 
additional  tensile  stress  in  the  radial 
fibers  will  not  exceed  failure  levels. 
Furthermore,  the  external  pressure  on  the 
rim  will  reduce  its  hoop  stresses  and 
allow  the  whole  assembly  to  spin  faster 
before  it  reaches  the  failure  speed. 

The  rim  element  should  have  a  radius 
ratio  low  enough  to  store  the  necessary 
amount  of  energy.  If  the  radial  strength 
is  exceeded,  then  some  design  alternative 
such  as  those  presented  in  a  companion 
paper^  must  be  selected.  Of  course,  the 
rim  design  used  must  be  analyzed  in  con¬ 
junction  with  the  overwrap  and  hub  to 
properly  evaluate  any  proposed  engineering 
design. 


The  hub  simply  connects  the  overwrap 
with  the  driving  shaft.  The  design  needs 
to  be  such  that  the  hub  is  self-locking 
to  both  the  shaft  and  overwrap  during 
spin-up  of  the  flywheel. 

MODELING  THE  OVERWRAP 

The  overwrap  is  a  variable-thickness, 
vari abl e-f i ber-or i entati on ,  structural 
component.  This  combination  complicates 
the  analysis  and  requires  preparation  of 
a  computer  program  to  calculate  the  thick¬ 
ness  profile  and  fiber-orientation  angle 
as  a  function  of  the  radial  position.  The 
thickness  profile  is  then  modeled  by  the 
finite-element  mesh  for  analysis.  The 
varying  fiber  orientation  causes  the 
material  properties  to  vary  and  must  be 
accounted  for  in  the  model. 

Calculation  of  thickness  and  fiber 
angle  is  based  on  the  geometrical  consid¬ 
erations  illustrated  in  Fig.  2.  At  any 
given  radial  coordinate,  r,  the  thickness 
calculation  is  based  on  the  arc  coverage 
of  a  band  on  the  circle  of  radius,  r,  the 
number  of  bands,  and  the  band  thickness. 

The  thickness  is  calculated  by  the  equation 

2N 

t  =  r(<i>2-<l>i)  —  tb  (1) 

Trr 

where: 

t  represents  the  thickness 

buildup 

((i2  and  ((>1  the  angles  shown  (Fig.  2) 

N  the  number  of  bands  in  the 

set,  and 

tb  the  band  thickness. 
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Along  the  inner  band  edge,  the  angle  Is: 


r 

along  the  outer  edge,  the  angle  is: 

ir 

(1)2  =  —  ,  for  Ri  £  1  Rj  +  W,  and  (3) 

2 

Ri  +  W 

(|)2  =  sin'i  -  ,  for  R^-  +  W  _<  r^Ro. 


where: 

R-j  represents  the  inner  radius  of  the 
band  set, 

W  the  band  width,  and 

Rq  the  outer  radius  of  the  band  set. 

The  fiber  orientation  angle  with 
respect  to  the  radial  direction  varies 
between  ({(j  and  <^,2  at  the  radial  position, 
r.  The  average  of  (j)i  and  1^2  is  specified 
as  the  fiber  angle  at  radius  r.  The  thick¬ 
ness  profiTe  and  fiber  angle  are  plotted 
in  Fig.  3  for  the  case  of  R,  =  0.750  inch, 

Rq  =  10.0  inches,  W  =  0.750  inch,  tb  = 

0.003  inch,  and  N  =  40  bands.  The  fiber- 
angle  variation  with  the  radial  coordinate, 
of  course,  causes  the  material  properties, 
with  respect  to  the  radial -hoop  coordinates, 
to  vary.  The  fiber-angle  variation  between 
(fi  and  <^2  'I't  a  given  radial  coordinate  also 
causes  the  properties  to  vary.  There  are 


a  number  of  approaches  to  find  the  material - 
stiffness  matrix  which  will  represent  the 
oriented  material  at  the  given  radial 
position.  The  composite  is  modeled  as  a 
symmetric  angle-ply  laminate.  The  first 
option  is  between  bonded  plies  and  unbonded 
(shear-failure)  plies.  On  initial  loading, 
the  plies  are  bonded;  and  prior  experience 
with  angle-ply  wound  structures  indicates 
that  they  remain  bonded  up  to  the  ultimate 
laminate  strength. 

The  next  option  is  whether  to  cal¬ 
culate  the  properties  for  the  average 
fiber  angle  at  a  given  radial  position  or 
calculate  properties  for  the  range  of 
fiber  angles  at  that  position  and  average 
the  material -stiffness  matrices.  Since 
the  material -stiffness  matrix  transforms 
with  the  angle  as  a  fourth-rank  tensor, 
the  resulting  stiffness  matrix  for  the 
two  approaches  will  not  be  the  same.  The 
latter  approach  is  more  involved  but  should 
be  more  representative  of  the  average 
material  at  a  given  position  and  is  the 
approach  used.  This  approach  demands  that 
the  calculations  be  performed  in  the  thick¬ 
ness  and  fiber-angle  program  rather  than 
in  the  finite-element  code.  The  average 
material  properties  are  derived  from  this 
stiffness  matrix  and  output  with  the  thick¬ 
ness  and  average  fiber  angle  for  each 
specified  radial  coordinate.  The  computer 
program  listing  and  the  output  corresponding 
to  that  in  Fig.  3  are  given  in  a  quarterly 
progress  report. ^ 

FINITE  ELEMENT  ANALYSIS 


Radius  (in^ 


Flo.  3.  THICKNESS  AND  FIBER-ANGLE  PROFILE  OF 
THE  OVERWRAP  ON  THE  DELTAWRAP  FLYWHEEL. 


The  selected  radii  to  output  data 
from  the  thickness  calculation  program 
should  correspond  to  the  finite-element 
mesh  used  to  analyze  the  structure.  Since 
the  material  properties  vary  with  the 
radial  position,  a  different  material  type 
will  have  to  be  assigned  at  each  radial 
position  unless  the  property  values  are 
reasonably  close  for  two  or  more  positions. 

A  mesh  generation  program  was  utilized 
to  prepare  the  finite  element  mesh  shown 
in  Fig.  4.  Part  (a)  in  the  figure  shows 
the  boundaries  of  the  hub,  overwrap,  and 
rim  portions  of  the  Deltawrap  design. 

Thin  interface  layers  are  between  the  hub 
and  overwrap  and  the  overwrap  and  rim  to 
represent  the  bond  lines.  Part  (b)  in 
the  figure  draws  the  actual  quadrilateral 
mesh  used  in  the  analysis.  The  z-axis  is 
the  center  of  rotation  for  the  axi symmetric 
model,  and  the  model  is  symmetric  about 
the  r-axis. 
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OVERWRAP 


Fig.  4.  DELTAWRAP  FLYWHEEL  FINITE  ELEMENT  MESH. 


The  hub  is  made  of  an  isotropic  metal 
such  as  aluminum.  The  overwrap  is  made  of 
incrementally  positioned  parallel  fiber 
bands  resulting  in  full  coverage  of  the 
rim  circumference.  The  rim  is  made  of 
circumferentially  wound  unidirectional 
composite.  The  interfaces  may  be  modeled 
with  epoxy  bonds  or  rubber  bonds. 

The  finite  element  code  needs  some 
special  capabilities  to  properly  analyze 
composite  materials.  The  composite  mate¬ 
rial  is  usually  elastic  and  orthotropic. 
Most  general  finite  element  codes  have 
the  ability  to  input  orthotropic  material 
properties.  There  is  no  generally  accepted 
failure  criterion  for  composites,  so  most 
codes  have  not  put  any  in  their  program. 

The  failure  criteria  that  can  be  used 
usually  require  either  the  strain  com¬ 
ponents  or  stress  components  in  the  local 
fiber  coordinate  system.  Unfortunately, 
these  components  are  not  usually  output 
from  any  of  the  codes  unless  they  are 
aligned  with  the  overall  coordinate  axes 
or  the  element  local  axes.  The  components 
needed  may  be  gained  by  altering  the  code 
or  post  processing. 

A  constant  strain  triangle  finite 
element  code  in  use  for  many  years  was 
modified  to  produce  the  fiber  coordinate 
stress  components.  This  code  was  used  to 
analyze  the  model  in  Fig.  4.  A  new  code 
called  ADINA'*  was  also  used  to  analyze 
the  model.  This  code  has  orthotropic 
material  capability  and  uses  the  more 
refined  isoparametric  element.  A  post 
processor  is  necessary  to  determine  the 
local  fiber  coordinate  stress  components. 
The  analyses  done  with  ADINA  compare  very 
closely  with  those  done  with  the  older 
code.  This  lends  confidence  to  the  results 


of  both,  but  the  ADINA  code  will  be  used 
in  the  future  analysis  because  it  has 
extensive  dynamic  and  nonlinear  analysis 
capability. 

Results  from  the  analysis  of  the 
model  in  Fig.  4  are  presented  in  the  next 
few  figures.  The  amount  of  data  generated 
by  a  finite  element  analysis  can  be  enormous 
so  the  presentation  of  data  becomes  a  sig¬ 
nificant  problem.  A  post  processing  graphics 
program  called  MOVIE^  is  used  to  develop 
plots  of  the  data.  The  model  has  been 
magnified  ten  times  in  the  axial  direction 
for  presentation  purposes. 

A  three-dimensional  perspective  view 
of  the  magnified  Fig.  4  mesh  is  shown  in 
Fig.  5.  The  hub,  overwrap,  and  rim  parts 
are  exploded  in  this  view. 


Fig.  5.  MAGNIFIED  AND  EXPLODED  DELTAWRAP 
FINITE  ELEMENT  MESH. 
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Transverse  micro-cracking  may  not  be  a 
problem  since  it  has  been  a  common  occurence 
in  the  filament-wound  pressure  vessel  indus- 
^  try  for  years.  If  the  composite  had  high 

•  enough  transverse  strain  capability,  there 
;  would  be  no  cracking.  The  fiber  direction 

stress  component  displayed  in  Fig.  9  in- 
I  dicates  a  peak  stress  on  the  outside  sur- 

*  face  at  the  position  where  the  overwrap 

I  «  leaves  contact  with  the  hub.  This  component 
is  relatively  low  at  other  locations,  so 
the  peak  significantly  reduces  the  overwrap 
performance. 


Fla.  6.  RIM  HOOP  STRESS  DISTRIBUTION. 


The  hoop  or  fiber  direction  stress 
component  in  the  rim  is  shown  in  Fig.  6 
plotted  as  a  surface  above  the  element 
mesh  cross  section.  The  maximum  hoop 
stress  is  215  ksi  at  the  inner  surface. 

The  more  critical  radial  stress  is  plotted 
in  Fig.  7  above  the  mesh  cross  section. 

A  prestressed  rim  would  be  necessary  to 
prevent  radial  delamination  at  a  low  speed. 


Fi'o.  7.  RIM  R.ADIAL  STRESS  DISTRIBUTION. 

The  overwrap  stresses  are  plotted  in 
Fig.  8  and  9.  The  component  transverse 
to  the  fiber  direction  in  the  lamination 
plane  is  displayed  in  Fig.  8.  This  result 
indicates  significant  transverse  cracking 
will  occur  at  a  relatively  low  speed. 


Fig  8.  OVERURAP  TRANSVERSE  DIRECTION 
COMPOSITE  STRESS  PLOT. 


Fig  9.  OVERURAP  FIBER  DIRECTION 
COMPOSITE  STRESS  PLOT. 

Based  on  these  results,  some  design 
changes  should  offer  some  improvement.  The 
hub  design  could  be  changed  to  lower  its 
stiffness  where  the  overwrap  and  hub  sepa¬ 
rate,  thereby,  reducing  the  overwrap  peak 
stress.  It  may  be  better  to  allow  the  over- 
wrap  thickness  variation  to  be  symmetric 
about  a  mid-plane  rather  than  forcing  all 
the  variation  to  the  inside.  These  changes 
need  to  be  evaluated  by  finite  element  analy¬ 
sis  before  any  firm  conclusions  can  be  drawn. 
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DEVELOPMENT  OF  THE  "BANDWRAP"  FLYWHEEL 


C.  E.  Knight,  Jr. 

J.  J.  Kelly 
R.  L.  Huddleston 
R.  E.  Pollard 

Union  Carbide  Corporation-Nuclear  Division 
P.  0.  Box  Y 
Bldg.  9998,  MS-1 
Oak  Ridge,  TN  37830 


ABSTRACT 

A  program  for  development  of  fiber  composite  flywheels  and  associated  containment 
was  started  in  May  1976  at  the  Oak  Ridge  Y-12  Plant.*  This  paper  describes  the  devel¬ 
opment  of  the  first  test  flywheel  in  the  program.  The  flywheel  design  uses  a  thick  rim 
element  and  unidirectional  fiber  composite  bands  which  pass  around  the  rim  diameter  and 
across  a  metal  hub  fitted  to  the  drive  shaft.  The  individual  bands  are  meshed  together 
at  the  hub  and  function  similar  to  spokes  on  a  wheel.  The  design  is  called  the  "Bandwrap" 
flywheel.  The  development  leading  to  the  first  test  flywheel  is  reported  in  the  May  to 
September  1976  Project  Report. ^  In  the  development  process,  conceptual  designs  were 
selected  for  detailed  study.  After  detailed  study,  the  Bandwrap  design  was  selected  for 
fabrication  and  test.  After  fabrication,  the  flywheel  was  spun  to  18,000  rpm  where  a 


predicted  delamination  occurred  in  the  rim. 
kwh  and  the  energy  density  was  lO.l^Wh/lb. 


CONCEPTUAL  DESIGN  STUDY 
FLYWHEEL  SPECIFICATIONS 

The  objective  of  this  program  is  to 
develop  a  high  efficiency,  fiber  composite- 
material  flywheel  and  containment  housing 
for  energy  storage.  Based  on  discussion 
with  DOE  Advanced  Physical  Methods  Branch 
staff,  the  most  suitable  starting  point 
for  development  was  a  unit  sized  to  the 
requirements  of  a  heat  engine/flywheel 
hybrid  propulsion  system  for  automobiles. 
This  application  requires  a  nominal  storage 
capacity  of  0.5  kwh.  The  flywheel  speci¬ 
fication  and  design  objectives  are  sum¬ 
marized  in  Table  1.  Assuming  an  operation 
speed  range  of  three-to-one  for  energy 
input/output,  a  maximum  stored  energy  of 
0.56  kwh  at  maximum  operating  speed  will 
suffice. 

In  establishing  the  program  speci¬ 
fications  and  objectives,  it  was  believed 
that  no  known  fiber  composite  flywheel  had 
been  fabricated  demonstrating  this  energy 
storage  level.  The  state-of-the-art  metal 
flywheels  reach  an  operating  storage  ef¬ 
ficiency  of  15  wh/lb.  The  ultimate 
strength-to-densi ty  ratio  of  current 
Kevlar-49/epoxy  composites  project  an 


At  this  speed,  the  energy  stored  was  0.25 


Table  1 

DESIGN  SPECIFICATIONS  FOR  AN  AUTOMOTIVE 
SYSTEM  FLYWHEEL 

Available  Stored  Energy  -  0.50  kWh 
Design  Stored  Energy  -  1.12  kWh  (min) 

Maxinnum  Design  Speed  -  40,000  rpm 
Flywheel  Weight  -  28  lb 

Flywheel  Size  -  20  ”  D  (approx) 

Torque  Load  Capacity  -  100  ft  lb 

Dynamic  Characteristics  -  Minimize  the  Number  of  Critical 
Frequencies  in  the  Operating 
Speed  Range 


ultimate  efficiency  of  80  wh/lb  in  a  thin- 
rim  flywheel  configuration.  A  goal  of  20 
wh/lb  operating  storage  efficiency  was 
selected  for  the  flywheel  developed  in 
this  program.  Achievement  of  this  goal 
will  fully  demonstrate  the  ability  of  fiber 
composite  flywheels  to  exceed  the  capa¬ 
bilities  of  metal  flywheels.  A  20  wh/lb 
efficiency  requires  a  flywheel  weighing  a 
total  of  28  lbs. 


♦Operated  by  the  Union  Carbide  Corporation's 
Nuclear  Division  for  the  US  Department  of 
Energy 
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The  overall  size  of  the  flywheel  for 
an  automobile  application  should  be  limited 
to  minimize  packaging  problems.  If  the 
diameter  is  too  small,  the  flywheel  speed 
will  be  very  high;  and  the  weight  must  be 
attained  by  making  the  axial  cylindrical 
dimension  long.  A  disc-type  configuration 
is  preferred  to  reduce  mounting  and  system 
stability  problems.  The  nominal  maximum 
diameter  is  20  inches,  which  is  suitable 
for  an  automotive  installation  and  is 
compatible  with  existing  composite  winding 
equipment  and  facilities  and  existing  spin- 
test  facilities. 

The  design  objective  for  dynamic  char¬ 
acteristics  is  the  elimination,  if  possible, 
of  all  critical  frequencies  in  the  operating 
speed  range.  Rigid  body  modes  should  be 
below  the  lower  speed  bound  and  elastic 
body  modes  above  the  upper  speed  bound,  and 
preferably  above  the  ultimate  failure  speed. 

CONCEPTUAL  DESIGNS  CATALOG 

In  the  conceptual  study,  18  conceptual 
designs  with  design  options  on  some  were 
cataloged.  These  are  illustrated  in  Fig. 

1,  2,  and  3  and  are  briefly  described  in 
the  following  paragraphs. 

Designs  A  through  E  (Fig.  1)  employ 
the  rim  configuration  and  devise  various 
methods  for  attaching  the  rim  and  drive 
shaft.  The  rim  design  in  each  case  is 
uncoupled  from  the  arbor.  The  rim  is  de¬ 
signed  to  reach  its  own  ultimate  speed 
capability.  The  rim  speed-displacement 
response  is  used  to  design  the  arbor  so 
that  the  arbor  will  follow  without  sig¬ 
nificantly  loading  the  rim.  The  rim  design 
is  controlled  by  the  material  properties, 
fabrication  process,  and  design  parameters 
and  can  usually  be  described  by  a  dimension¬ 
less  inside/outside  radius  ratio.  Selection 
of  either  radius  then  determines  the  radial 
thickness,  and  the  axial  thickness  is 
determined  by  the  energy  storage  requirement. 

Designs  F  through  I  (Fig.  2)  employ 
the  rod  configuration.  The  rod  elements 
of  each  design  are  fabricated  of  a  con¬ 
tinuous,  unidirectional  composite  material . 
Most  likely,  the  elements  would  be  indi¬ 
vidually  fabricated  and  then  assembled  in 
the  flywheel  form.  The  energy  stored  in 
each  element  determines  the  number  of 
elements  required.  While  the  energy  stored 
per  unit  weight  is  high,  the  primary  dis¬ 
advantage  of  these  designs  are  their  low 
volumetric  energy  densities. 


Designs  J  through  R  (Fig.  3)  are  cate¬ 
gorized  as  solid  disc  configurations, 
although  there  are  similarities  to  the  rim 
designs.  These  designs  would  normally  have 
the  highest  volumetric  energy  densities  but 
usually  with  some  sacrifice  of  the  weight 
energy  density.  These  designs  attempt  to 
either  limit  radial  stresses  in  circumfer¬ 
entially  wound  composite  sections  or  pro¬ 
vide  fiber  orientations  to  accommodate  the 
radial  loads. 

DESIGN  EVALUATION  AND  SELECTIONS 

A  method  has  been  established  for 
rating  the  cataloged  conceptual  designs 
and  selecting  the  design(s)  for  further 
analysis  and  hardware  development.  Each 
concept  was  studied  and  its  strength  and 
weaknesses  listed.  Based  on  these  list¬ 
ings,  a  set  of  rating  criteria  was  estab¬ 
lished  as  follows  (numbers  in  parentheses 
represent  the  rating-scale  value  and  the 
range  for  each  criterion): 

Rating 

Criterion 

Number  Criterion 


1  Energy  Stored/Unit  Weight  (0-10) 

2  Energy  Stored/Unit  Volume  (0-5) 

3  Potential  for  Meeting  the  Ob¬ 
jectives  of  this  Program  (0-10) 

4  Ease  of  Fabrication  (0-5) 

5  Likelihood  for  Near-Term  Suc¬ 
cessful  Test  (0-10) 

6  Development  Time  Required  (0-10) 

7  Design  and  Analysis  Complexity 
(0-10) 

8  Economical  End  Product  (0-5) 

9  Potential  of  Significant  Improve¬ 
ment  with  Further  Development 
(0-5) 

10  Likelihood  of  Minimal  Dynamic 
Problems  (0-10) 

11  Torsional  Strength  and  Stiffness 
Capability  (0-5) 

A  decision  table  was  formed  and  a 
subjective  rating  for  each  conceptual  de¬ 
sign  estimated  for  all  the  criteria.  Table 
2  is  a  reproduction  of  the  decision  table. 
Some  of  the  criteria  and  the  rating-scale 
values  were  selected  to  meet  the  objectives 
of  the  FY  1976-1976T  program.  Thus,  the 
final  rating  and  selection  of  designs  for 
development  may  be  re-evaluated  at  a  later 
time.  The  rating  values  were  summed  for_ 
each  design  to  determine  an  overall  ranking 
for  each  conceptual  design  and,  from  these 
values,  the  designs  to  be  developed  were 
selected. 
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Elements  G>ntinuous 
Through  Hub 


(h)  Design  H  -  Brush  Designs.  (From  Robenhorst 


Circular  Brush  Elements  (equolly 
spaced  around  periphery) 


Ftg.  2.  CONCEPTUAL  DESIGNS  FOR  THE  FLYWHEEL. 
CRod  Conf  1  gurat  1  oni) 


Table  2 

DECISION  TABLE  FOR  CONCEPTUAL  DESIGN  RANKING 


Conceptual 

Design 

Rating  Criterion  Number 

Total 

Rating 

{85,max) 

Rank 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

A 

5 

3 

10 

3 

7 

6 

3 

1 

2 

6 

4 

50 

8 

B 

8 

3 

10 

3 

6 

6 

4 

2 

2 

3 

1 

48 

9 

C 

6 

4 

10 

3 

7 

9 

3 

2 

2 

8 

5 

59 

4 

D 

9 

3 

10 

4 

8 

10 

9 

3 

3 

7 

2 

68 

1 

E 

5 

3 

10 

3 

5 

4 

2 

1 

2 

7 

3 

45 

11 

F 

2 

1 

0 

3 

1 

3 

3 

2 

0 

0 

1 

16 

17 

G 

3 

2 

1 

2 

2 

2 

5 

2 

2 

1 

2 

24 

14 

H 

3 

1 

1 

1 

1 

1 

3 

1 

2 

3 

2 

19 

15 

1 

3 

1 

2 

1 

1 

1 

2 

1 

2 

2 

2 

18 

16 

J 

5 

4 

10 

2 

3 

2 

2 

3 

2 

3 

2 

38 

13 

K 

6 

5 

10 

3 

5 

3 

10 

4 

2 

6 

4 

58 

5 

L 

6 

4 

8 

1 

4 

2 

1 

3 

4 

6 

4 

43 

12 

M 

6 

4 

10 

4 

5 

5 

5 

5 

2 

10 

5 

61 

3 

N 

5 

4 

10 

0 

7 

0 

5 

2 

3 

10 

5 

51 

7 

O 

5 

4 

10 

3 

3 

1 

3 

5 

3 

8 

3 

48 

10 

P 

5 

4 

10 

3 

3 

5 

5 

2 

3 

5 

4 

49 

8 

Q 

10 

3 

10 

4 

7 

6 

3 

4 

5 

9 

4 

65 

2 

R 

6 

4 

8 

3 

6 

5 

3 

3 

3 

10 

5 

56 

6 

The  five  highest  ranking  designs  were 
selected  from  the  decision  table.  These 
designs  were:  D,  Q,  M,  C,  and  K,  respec¬ 
tively.  The  ratings  for  Design  D  were 
based  on  the  plan  of  having  the  composite 
loops  pass  around  the  rim  exterior.  This 
form  of  Design  D  looks  like  a  natural 
forerunner  of  Design  Q.  Design  Q  has  the 
highest  rating  for  potential  improvement 
with  further  development. 

Design  D  was  selected  for  initial 
development  in  the  FY  1976-1976T  program, 
possibly  leading  to  development  of  Design 
Q  in  following  programs.  Designs  M,  C, 
and  K  will  be  carried  at  a  low  activity 
level  as  backup  designs. 

MATERIAL  CHARACTERIZATION  AND  SELECTION 
MATERIAL  SELECTION 

The  design  selected  for  development 
is  of  the  rim  configuration.  Since  most 
of  the  energy  is  stored  in  the  rim,  it 
must  have  sufficient  mass  at  the  design 
speed  to  store  the  desired  level  of  energy. 
The  rim,  therefore,  cannot  be  an  ideal 
"thin"  rim  unless  it  has  a  large  axial 
length.  In  order  to  maintain  a  disc-type 
geometry  to  minimize  dynamic  problems,  the 
axial  length  must  be  limited. 

The  material  chosen  for  fabricating 
the  rim  must  have  a  high  strength-to-weight 
ratio  to  give  a  high-energy-stored/unit- 
weight  efficiency.  The  material  must  also 
have  the  properties  and  characteristics 
needed  to  form  a  relatively  thick  rim. 

The  candidate  material  systems  for  use  in 
this  program  have  been  limited  to  those 
systems  with  which  the  Y-12  Composite 
Structures  Group  has  had  fabrication  ex¬ 
perience. 

Systems  applicable  to  the  flywheel 
are:  graphite/epoxy,  S-Gl ass/epoxy,  E- 
Glass/epoxy,  and  Kevlar-49/epoxy.  Of 
these,  the  aramid  fiber  (Kevlar-49)  in  an 
epoxy  matrix  has  the  highest  strength-to- 
weight  ratio.  The  graphite/epoxy  systems 
were  eliminated  because  the  strength-to- 
weight  ratios  are  too  low  to  give  an  ade¬ 
quate  margin  of  capability  above  the 
program  objectives. 

The  epoxy  resin  was  selected  so  that 
it  could  be  room-temperature  cured.  This 
selection  allowed  the  full  rim  to  be  wound 
and  cured  without  delamination  that  would 
be  expected  with  elevated  temperature 
curing  resins.  The  epoxy  was  Dow  Chemical 


Co.  DER  332  with  Jefferson  Chemical  Co. 
Jeffamine  T-403  hardener. 

MATERIAL  CHARACTERIZATION 

The  elastic  properties  of  the  Kevlar- 
49/epoxy  composite  have  been  published  in 
the  literature  and  have  also  been  charac¬ 
terized  in  our  laboratories.  The  strength 
properties  of  composites  are  sensitive  to 
the  material  processing  conditions,  the 
selected  constituents,  and  the  laboratory 
where  the  materials  and  specimens  are 
fabricated. 

Tests  performed  in  this  program  gave 
higher  hoop  strength  results  and  lower 
transverse  strength  results  than  published 
in  the  literature.  Hoop  strengths  were 
determined  from  hydroburst  of  circ-wound 
rings.  The  rings  were  6.000  inches  in 
I.D.,  0.250  inch  wide,  and  0.125  inch 
thick.  A  circumferential  wire  was  placed 
around  the  ring  in  the  hydrotest  fixture, 
and  the  prestress/elongation  curve  was 
recorded  for  the  test  ring.  The  load/strain 
curves -were  linear  to  failure.  Hoop 
strength  data  are  summarized  in  Table  3. 


Table  3 

STRENGTH  AND  MODULUS  OF  THE 
KEVLAR  49  ROVING  USED  IN  THE 
RIM  FABRICATION 


Rim 

Number 

Tensile 

Strength 
[ksi  (CV)<1)1 

Modulus 
[Msi  (CV)] 

1 

263.5(7.1%) 

12.5  (3.1%) 

2 

225.6  (6.2%) 

12.1  (1.7%) 

3 

262.7  (7.2%) 

12.6  (3.5%) 

(1)  CV  -  coefficient  of  variation. 


The  transverse  tensile  strength  is 
normally  significantly  dependent  on  the 
epoxy  resin  system  used.  A  special  test 
was  set  up  to  measure  the  radial  tensile 
strength  of  a  thick  ring.  A  segment  of  a 
ring  was  mounted  in  an  apparatus  illus¬ 
trated  schematically  in  Fig.  4.  A  pure 
bending  moment  was  applied  to  each  end 
of  the  segment.  This  action  produced  a 
flexural  hoop  stress  and  a  radial  tensile 
stress  if  the  moments  were  applied  in  the 
directiph  shown.  The  radial-stress 
distribution  is  similar  to  that  in  a 
rotating  ring  and  should,  therefore,  be 
indicative  of  the  expected  ultimate  radial 
strength  in  the  flywheel  rim.  Small-scale 
thick  rings  wound,  for  residual  stress 


141 


evaluation,  provided  specimens  for  this  For  rectangular  cross  sections: 


T  T 


Flo.  4.  SPECIAL-RING-SEGMENT  TRANSVERSE 
TENSILE  TEST. 

The  stresses  generated  by  the  flexure 
of  a  curved  beam  are  derived  in  a  number 
of  texts,  one  of  which  is  authored  by  Seely 
and  Smith. 2  A  curved  beam  of  rectangular 
cross  section  is  illustrated  in  Fig.  5. 

The  bending  moment  generates  both  circum¬ 
ferential  and  radial  stresses  in  the  curved 
beam,  but  the  radial  stresses  are  of  most 
concern  here.  The  circumferential  stresses 
may  be  approximated  by  the  standard  beam- 
flexure  equation.  The  radial  stress  at  any 
radial  position  through  the  section  located 
by  coordinate  y  is  given  by: 

Ma"  z' 

ar - (1  -  -  )  (1) 

Rta  (R+y)  z 


where: 

represents  the  radial  stress, 

M  the  applied  moment, 

a''  the  cross-hatched  area  (Fig.  5), 

R  the  radius  of  curvature  to  the 
section  centroid, 

t  the  beam  thickness, 

a  the  total  section  area,  and 

y  the  coordinate  referenced  to  the 
centroid. 

The  maximum  radial  stress  will  occur 
at  the  location  of  the  neutral  axis.  The 
y  coordinate  of  the  neutral  axis  is  given 
by: 

yo  =  -zR/(z  +1).  (4) 


Fig.  5.  CURVED-BEAM  SEGMENT  WITH  THE  RECTANGULAR 
CROSS  SECTION  LOADED  IN  PURE  BENDING. 
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The  negative  sign  indicates  that  the  neu¬ 
tral  axis  is  nearer  to  the  inside  radius. 
This  value  of  y  is  used  in  Eq.  (3)  to  find 
z' t  then  Eq.  (1)  to  find  cr^ 

The  composite  system  being  used  in 
this  program  was  used  to  wind  test  rings, 
and  the  radial  strengths  were  determined. 
The  values  shown  in  Table  4  were  much 
lower  than  anticipated  based  on  literature 
data.  These  data  indicated  the  likelihood 
of  premature  failure  in  the  first  test 
flywheel,  but  the  flywheel  fabrication  was 
well  along  when  the  data  were  obtained.  / 
Some  other  epoxy  resins  were  also  evalu- 
ated,  as  shown  in  Table  4,  in  an  attempt  ‘ 
to  find  a  higher  transverse  strength  com-  j 
posite,  but  none  were  found. 

The  characterization  studies  by  the 
LLL^  show  similar  results  except  their 
transverse  tensile  data  is  somewhat  better. 
The  reason  for  this  is  probably  the  lower 
void  content  in  their  composites  due  to 
vacuum  impregnation.  We  have  not  devel¬ 
oped  a  vacuum  impregnation  system  that 
would  work  satisfactorily  for  winding  full 
size  rims;  and,  therefore,  we  chose  to 
make  the  characterization  specimens  by 
the  same  process  used  for  the  rims  so  they 
would  be  representative  of  the  final  pro¬ 
duct. 

RESIDUAL  STRESS  ANALYSIS 

The  residual  stresses  in  a  composite 


structure  may  be  of  critical  importance, 
especially  in  the  direction  transverse  to 
the  fiber  axis.  The  residual  stresses 
present  in  the  fabricated  rims  were  deter¬ 
mined  to  evaluate  the  potential  flywheel 
performance. 

The  procedure  for  evaluating  residual 
stresses  is:  a  test  ring  is  parted  from 
the  fabricated  rim;  the  ring  is  instrumented 
with  strain  gages,  and  strain  changes  are 
recorded  as  thin  layers  of  material  are 
machined  off  the  diameter.  The  strain 
changes  are  used  to  calculate  the  residual 
stresses  that  were  present  initially. 

The  stresses  were  calculated  incre¬ 
mentally,  corresponding  to  the  strain  change 
produced  when  an  increment  of  material  was 
removed.  The  ring  is  illustrated  schemat¬ 
ically  in  Fig.  6  after  removal  of  the  ith 
layer.  The  radial  stress,  ,  was  cal¬ 
culated  from  the  equation  for  the  tangential 
stresses  in  a  thick-wall,  orthotropic  ring 
subjected  to  an  external  pressure  and  the 
total  strain  change  from  the  initial  read¬ 
ing.  The  first  few  rings  examined  were 
strain  gaged  on  the  inside  radius.  The 
tangential  stress  change  on  the  inside 
radius  produced  by  the  strain  change  was 
determined  by: 

ioo  =  AeeEe  = - ffri*  (5) 

^2K  .  ^2K 


Table  4 

TRANSVERSE  TENSILE  STRENGTH  OF  SELECTED  COMPOSITES 


Material 

System 

Quantity  (vo!  %) 

Fiber  Resin 

Void 

Tensile 

Strength 

(psi) 

Maximum  Hoop 
Compressive  Stress 
(ksi) 

Modulus  of 
Elasticity 

(msi) 

Kevlar'49/ 

(DER332/T403) 

74.5 

22.9 

2.6 

870  (CV  =  18.2%)  <2) 

23 

0.89 

Kevlar-49/ 

(XD7818/D230/A398) 

76.0 

22.8 

1.2 

1000  (CV=  12.8%) 

26 

0.94 

Kevlar-49/ 

(DER332/T403/A398) 

72.9 

24.6 

2.5 

960  (CV  -  10.9%) 

25 

0.82 

S-glass/ 

(DER332/T403) 

74.0 

22.2 

3.8 

2920  (CV=  1.3%) 

75 

2.95 

S-glass/ 

{ERL2258/MPDA) 

74.9 

22.1 

3.0 

3380  (CV=  10.0%) 

89 

3.18 

3M  SP308 

Kevlar-49  prepreg 

1975  (CV  =  24.6%) 

0.72 

(1)  DER332  and  XD7818  are  products  of  Dow  Chemical;  T403,  D230,  and  A398  are  products  of  Jefferson  Chemical; 
ERL2258  is  a  product  of  Union  Carbide;  MPDA  is  metaphenylenediamine,  a  standard  chemical  product;  3M  SP308  is  a 
product  of  3M. 

(2)  Coefficient  of  variation,  CV  =  (standard  devration/mean)  x  100  percent. 
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Rearranging  to  yield  the  radial  stress 
gives: 


where: 

represents  the  radial  "initial" 
stress  existing  inside  the  i^^ 
layer, 

r  the  radius  to  Layer  i, 

a  the  ring  inside  radius, 

K  a  constant  equal  to  /  E@/E^ 

(where  E  is  the  tangential 
modulus  of  elasticity  and  Ep  the 
radial  modulus  of  elasticity), 
and 

Asg  the  tangential  strain  change 
from  its  initial  zero  reading. 

Thus,  the  radial  stresses  were  determined 
at  all  incremental  points  through  the 
wall.  The  tangential  stress  in  any  layer, 
i,  was  found  by  calculating  the  membrane 
stress  in  the  cylindrical  layer  due  to 
the  differential  pressure  (ap,.  -  ap.-). 

thus,  ^ 

001  =  "  %•)  ^  •  (7) 

where: 

0g.  represents  the  tangential 

^  "initial"  stress  existing  in  the 
ith  layer,  and  r  the  layer  thick¬ 
ness.  The  radial  and  tangential 
"initial"  or  residual  stresses 
are  plotted  versus  radial  posi¬ 
tion  to  display  their  distribution. 

Residual  stresses  were  measured  in 
two  full-size  rims  wound  for  flywheel 
manufacture  and  test.  A  ring  was  parted 
from  the  rim  and  instrumented  with  strain 
gages  mounted  on  the  side  of  the  ring  so 
that  the  residual  stresses  on  both  the 
inner  and  outer  surfaces  could  be  deter¬ 
mined  with  better  accuracy.  Machining 
of  layers  was  conducted  first  from  the 
outer  surface  incrementally  toward  the 
strain-gage  location,  then  from  the  inner 
surface  toward  the  strain-gage  location. 

The  data  were  reduced  in  a  manner  similar 
to  the  method  described  above.  However, 
the  strain  increment  that  results  when  a 


Flo-  6.  TEST  RING  RESIDUAL  STRESS  ANALYSIS  MODEL. 


layer  is  removed  in  this  case  depends  on 
both  the  radial  and  tangential  stress 
components  at  the  strain-gage  location. 

Results  from  the  two  rims  were  very 
close  and  similar  to  the  results  on  earlier 
test  rings.  Stress  distributions  from  the 
first  full-size  rim  are  indicated  in  Fig. 

7.  When  the  rim  was  used  in  a  flywheel, 
the  outer  surface  was  machined  to  a  con¬ 
tour  and  approximately  0.125  inch  of  stock 
removed.  This  removal  also  removes  the 
high  residual  stress  layers  on  the  out¬ 
side.  On  the  tangential  stress  curve  in 
Fig.  7,  this  removal  occurs  at  approxi¬ 
mately  the  8-ksi  stress  level.  Based  on 
these  results,  the  finished  rim  used  in 
the  flywheel  did  not  have  any  significant 
residual  stress  problem. 

STRUCTURAL  ANALYSIS 

Detailed  stress  analyses  were  per¬ 
formed  by  using  the  finite-element  method. 
The  computer  code  that  was  used  solves 
two-dimensional  axi symmetric  or  plane- 
stress  problems  with  orthotropic,  tem¬ 
perature-dependent,  material  properties. 

The  analysis  required  both  axi symmetric 
and  plane-stress  modeling.  A  code  modi¬ 
fication  was  inserted  to  apply  the  rota¬ 
tional-body-force  loading  to  plane-stress 
cases.  Minor  modifications  were  made  to 
allow  the  code  to  calculate  the  weight 
and  moment  of  inertia  of  the  input  model. 

A  finite  element  model  was  prepared 
through  the  use  of  a  mesh-generation 
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Flo.  7.  RESIDUAL  STRESSES  IN  THE  FIRST  FULL-SIZE 
RIMCA  i5-lnch«-ID  by  20-lnch-OD  C Ire-Wound 
K«v I  or- 49  CompoA I . 

program.  One  such  model  is  reproduced  in 
Fig.  8.  The  rim  has  a  7.500-inch  inside 
radius  and  a  10.000-inch  outside  radius. 

The  band  has  a  O.lOO-inch  uniform  thick¬ 
ness  passing  around  the  rim  outer  contour. 

A  thin  interface  layer  was  placed  between 
the  rim  and  band  in  order  to  determine  the 
required  bond  strength. 

Results  from  the  last  analysis  itera¬ 
tion  are  presented  in  Fig.  9  through  12. 

As  mentioned,  the  model  was  run  first  in 
the  axi symmetric  mode.  This  run  determines 
the  stresses  in  the  rim  due  to  centrifugal 


loading  and  its  corresponding  displace¬ 
ments.  In  this  step  of  the  analysis,  the 
material  density  of  the  band  and  inter¬ 
face  materials  was  zeroed.  The  elastic 
properties  were  also  factored  down  to 
allow  for  a  free  expansion  of  the  rim. 

This  procedure  is  probably  a  closer  ap¬ 
proximation  to  the  real  case  than  if  the 
properties  were  unaltered  in  the  full- 
rim-overwrap  covering  provided  by  the 
axisymmetric  model.  Computed  stresses  in 
the  rim  at  an  angular  velocity  of  2827 
rad/sec  (27,000  rpm)  are  given  in  the 
graph  of  Fig.  9.  At  this  angular  velocity, 
the  flywheel  stores  0.56  kWh  of  energy  and 
has  a  theoretical  weight  efficiency  of  . 
22.8  Wh/lb.  Figure  9,  Graph  a,  is  a  plot 
of  the  hoop-stress  distribution;  Graph  b 
is  a  plot  of  the  radial-stress  distributioa 

Rim  displacements  in  the  axisymmetric 
computer  code  run  were  recorded  and  used 
as  specified  displacements  on  the  rim 
cross  section  in  the  place-stress  analysis. 
The  band  and  interface-material  densities 
and  properties  were  restored  and  the  plane- 
stress  problem  solved  for  the  same  angular 
velocity.  The  interface  material  may  be 
represented  in  many  different  ways.  It 
could  be  modeled  as  a  bondline  with  average 
epoxy  properties,  low  modulus  epoxy  adhe¬ 
sive  properties;  or  portions  of  the  inter¬ 
face  could  be  free  and  other  portions 
bonded.  All  of  these  may  be  plane-stress 
or  plane-strain  analyses  with  property 
transformations. 

Results  from  two  of  the  modeled  inter¬ 
faced  schemes  are  presented  here.  The 
interface  shear  and  normal  stresses  are 
plotted  in  Fig.  10  and  11.  Figure  10 
presents  the  shear-stress  distribution  and 
the  normal-stress  distribution  when  the 
interface  is  modeled  by  an  average  epoxy 
(E  =  500,000  psi,  V  =  0.35)  in  plane 


Fl8-  8.  FINITE  ELEMENT  MODEL  OF  THE  DESIGN  D  FLYWHEEL. 
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Fla-  9.  STRESS  DISTRIBUTIONS  ALONG  A  RADIAL  LINE 
IN  THE  PLANE  OF  SYMMETRY  THROUGH  THE  RIM  THICKNESS 
FROM  THE  FINITE  ELEMENT  ANALYSIS. 


Fla-  II.  SHEAR  AND  NORMAL  STRESSES  ALONG  THE 
RIM/BAND  INTERFACE  WHEN  THE  RIM  AND  BAND 
ARE  NOT  BONDED  ALONG  THE  FLAT  RIM  SIDE. 


Fla.  10.  SHEAR  AND  NORMAL  STRESSES  ALONG  THE 
FULLY  BONDED  RIM/BAND  INTERFACE  WITH  AN 
EPOXY  BONDING  AGENT  MODELED  IN  PLANE  STRAIN. 


Strain;  Fig.  11  presents  the  shear-stress 
distribution  and  the  normal -stress  distri¬ 
bution  when  the  interface  is  not  bonded 
along  the  rim  side  out  to  the  beginning 
of  the  corner  radius,  with  the  remainder 
at  the  interface  modeled  by  an  average 
epoxy  in  plane  strain. 

Stresses  in  the  band  are  plotted  in 
Fig.  12.  The  average  longitudinal  stress 
in  the  fully  bonded  band  is  plotted  in 
Graph  a,  the  average  longitudinal  stress 
in  the  band  that  is  not  bonded  on  the  rim 
side  is  plotted  in  Graph  b.  These  results 
from  the  analysis  of  Design  D  looked  very 
promising.  Based  on  preliminary  property 
data,  the  design  appeared  to  be  more  than 
adequate  to  reach  the  design  operating 
goal.  The  radial  tensile  strength  test 
data  reported  previously  were  not  available 
until  after  the  first  flywheel  of  the  de¬ 
sign  had  been  fabricated.  These  data 
indicated  that  the  flywheel  would  likely 
fail  by  delamination,  premature  to  the 
design  level. 

RIM  DESIGN  ALTERNATIVES 


The  Bandwrap  flywheel  stress  analysis 
was  performed  for  a  fiber  composite  rim  of 
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Fig.  12.  LONGITUDINAL  BAND  STRESSES  FOR  TWO  INTERFACE  CONDITIONS. 


homogeneous  construction  and  negligible 
residual  stress.  Based  on  the  transverse 
strength  data,  the  Kevlar-49/epoxy  com¬ 
posite  performance  is  severely  limited  due 
to  delamination  failure. 

The  options  for  the  Bandwrap  flywheel 
are  then  to  select  a  different  composite 
material  that  has  adequate  strength  or 
choose  a  rim  design  alternative  that  re¬ 
duces  the  transverse  strength  requirement. 
Some  rim  design  alternatives  are:  1)  dead 
weight  loading  on  the  inside  radius,  2) 
varying  material  hoop  moduli,  3)  multiple 
nested  rims  with  portions  of  the  band  set 
passing  around  each  rim,  and  4)  radial 
compressive  prestress  distribution.  Re¬ 
sults  on  studies  of  some  of  these  alter¬ 
natives  in  the  FY  77  Development  program 
are  presented  in  the  quarterly  progress 
reports . ®  ® ^ 

Dead  weight  loading  on  the  inside 
radius  has  been  analytically  evaluated  in 
a  Bandwrap  design.  A  layer  of  lead  inside 
the  Kevlar-49/epoxy  rim  of  0.75  radius 
ratio  was  shown  to  reduce  the  maximum 
radial  tensile  stress  to  1  ksi  at  a  speed 
which  produces  260  ksi  hoop  stress  and, 
thus,  a  simultaneous  hoop  and  radial 
failure  at  an  estimated  46  watt-hr/lb  of 
total  weight. 

Varying  the  material  hoop  moduli  has 
also  been  evaluated  analytically  for  one 


specific  case.  It  was  shown  that  a  rim 
whose  inner  half  was  Kevlar-29/epoxy  and 
outer  half  was  Kevlar-49/epoxy  has  a  maxi¬ 
mum  radial  tensile  stress  of  1.3  ksi  at  a 
speed  where  the  maximum  hoop  stress  is 
260  ksi.  The  overall  radius  ratio  was 
increased  to  0.782  in  order  that  the  dis¬ 
placements  of  the  two  halves  would  match 
at  the  interface  thus  producing  zero  radial 
stress  at  the  interface.  A  multiple  nested 
rim  design  has  not  been  analytically 
evaluated  but  should  be  straightforward. 

A  prestressed  rim  design  has  been  calculated, 
and  the  results  are  presented  in  another 
paper  at  this  conference.® 

FLYWHEEL  FABRICATION 
TOOLING  DESIGN 

The  tooling  required  to  fabricate  the 
circ  (circumferential ly)-wound  rims  was 
relatively  simple.  A  steel  cylinder,  15 
inches  in  diameter  by  4.100  inches  long, 
was  fitted  with  two  side  plates.  The  side 
plates  had  a  0.050-inch  recess  for  the 
cylinder  and  had  an  outside  diameter  of 
22  inches.  A  two-inch-diameter  shaft 
passed  through  the  side  plates.  The  side 
plates  were  0.750  inch  in  thickness  to 
provide  adequate  stiffness  to  resist  the 
side  pressure  during  winding.  The  wound 
rim  could  then  be  up  to  22  inches  in 
outside  diameter  by  4  inches  wide. 


147 


The  tooling  for  winding  bands  around 
the  rim  was  more  complex.  A  form  had  to 
be  provided  for  each  band  to  be  wound. 

This  form  controlled  the  fiber-laydown 
position  and  the  overall  dimensions  of  the 
band.  A  multipiece  disc  was  fitted  be¬ 
tween  the  hub  described  earlier  and  the 
rim.  This  disc  positioned  the  rim  con¬ 
centric  with  the  hub  and  aligned  the  band 
forms  in  the  correct  position  relative  to 
the  hub  features.  Matched  multi  piece 
discs  were  required  for  each  side  of  the 
flywheel . 

RIM  FABRICATION 


28  hours  at  a  laydown  rate  of  28  rpm.  A 
view  of  the  rim  is  seen  in  Fig.  14. 

Two  other  rims  were  wound,  one  using 
1420-denier  Kevlar  yarn  and  the  other 
using  4560-denier  Kevlar  yarn.  The  second 
wound  rim  used  4560-denier  yarn  with  6,000 
grams  of  winding  tension.  Winding  time 
was  seven  hours  at  a  laydown  rate  of  28 
rpm.  The  third  rim  used  1420-denier  yarn 
with  an  1,800  gram  winding  tension.  An 
insert  placed  on  the  mandrel  reduced  the 
part  width  to  approximately  3.6  inches. 

The  winding  time  was  19  hours  at  a  lay- 
down  rate  of  37  rpm.  Pertinent  data  on 
the  three  rims  are  summarized  in  Table  5. 


The  rim  tooling  was  received  and  the 
first  full-scale  rim  was  wound.  The 
winding  setup  is  shown  in  Fig.  13.  The 
fiber  was  1420-denier  Kevlar-49  yarn,  the 
resin  system  was  DER  332/T403  cured  at^ 
room  temperature,  and  the  winding  tension 
was  held  constant  at  1,800  grams.  The  rim 
was  wound  to  approximately  20.2  inches  in 
outside  diameter  so  that  the  high  residual 
stress  region  at  the  outside  could  be 
machined  away.  The  total  winding  time  was 


FLYWHEEL  FABRICATION 

Fabrication  of  a  finished  Design  D 
flywheel  for  testing  involved  rim  prepa¬ 
ration,  machine  setup,  rim  and  band 
tooling  assembly,  and  alignment  and 
winding  of  the  band  set.  Rim  preparation 
required  machining  of  the  sides  and  outer 
contour.  A  planar  winding  machine  was  set 
up  with  special  alignment  fixtures  to 


1 68735 

Fig. 13.  WINDING  SETUP  FOR  FABRICATING  THE  FULL  SCALE  RIMS 
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1 68398 

Fig.  M.  COMPLETED  AS-WOUND  RIM  AFTER  REMOVAL 
FROM  THE  WINDING  MANDREL. 


mount  the  rim  and  provide  the  desired  band 
orientations. 

Machining  of  the  as-wound  rim  pre¬ 
sented  some  special  problems.  Composites, 
in  general,  are  difficult  to  machine.  It 
is  particularly  difficult  to  achieve  a 
satisfactory  surface  integrity  on  Kevlar- 
49/epoxy  composites.  The  usual  surface 
condition  after  machining  is  a  rough, 
hairy  texture  with  many  loose  fiber  ends 
raised  on  the  surface.  This  condition  is 
illustrated  in  Fig.  15,  which  shows  a 
ring  section  cut  from  a  test  cylinder.  A 
high-speed  parting-saw  operation  with 
coolant  flooding  was  used. 


Obviously,  the  condition  illustrated 
in  Fig.  15  is  not  satisfactory  for  a  fly¬ 
wheel,  which  must  spin  at  high  speeds. 

The  machined  surface  must  be  on  the  same 
order  of  smoothness  as  the  surfaces  that 
are  wound  against  a  smooth  mandrel.  For¬ 
tunately,  machining  technology  existed  in 
Y-12  which  was  able  to  produce  the  desired 
surface. 

A  unique  machining  process  has  been 
developed  in  the  Y-12  Plant  for  providing 
a  super  finished  2  win,  peak  to  valley) 
surface  on  a  machined  part  and  has  been 
used  to  produce  mirrors  for  several  laser 
research  programs  around  the  country.  The 
process  uses  a  special  cutting  tool  called 
a  "diamond  knife"  which  is  made  from  a 
single  crystal  diamond  and  is  extremely 
sharp  because  of  a  near-perfect  edge.  The 
turning  machine  employs  an  air-bearing 
spindle  and  other  very  stiff  and  very 
precise  components.  The  technique  had 
been  used  exclusively  on  metal  parts  but 
was  adapted  to  machine  the  Kevlar-49/epoxy 
composite. 

A  machined  rim  mounted  on  the  turn¬ 
ing  machine  is  shown  in  Fig.  16.  Machin¬ 
ing  is  normally  done  wet  with  a  coolant; 
but  since  the  effects  of  coolant  on  the 
composite  are  unknown  at  this  point,  rim 
machining  was  done  dry.  Results  were 
very  good,  as  seen  in  Fig.  16,  and  were 
felt  to  be  satisfactory  for  spin  testing. 

The  procedure  for  winding  bands 
across  the  hub  and  around  the  rim  called 
for  a  planar  winding  machine.  In  addition, 
the  planar  path  had  to  have  a  built-in 
motion  normal  to  the  plane  of  winding  in 
order  to  generate  a  parallel  fiber  band 
of  the  desired  width.  An  existing  machine 
had  these  required  features.  A  picture  of 
the  machine  and  flywheel  setup  is  presented 
in  Fig.  17. 

The  rim  and  band  tooling  assembly 


Table  5 

FABRICATION  DATA  ON  FLYWHEEL  RIMS  MADE  OF  KEVLAR-49/EPOXY  (DER  332/T403) 

Winding  Winding  Fiber  Resin  Void 

Rim  Yarn  Tension  Speed  Volume  Volume  Volume 

Number  (denier)  (g)  (rpm)  (%)  {%)  i%) 


1  1420  1800  28  73.0  23.9  3.1 

2  4560  6000  37  73.2  23.6  3.2 

3  1420  1800  37  73.1  23.6  3.3 


149 


t  eeees 


Flo-  17-  PLANAR  WINDING  MACHINE  AND  FLYWHEEL  SETUP  FOR  WINDING  BANDS. 


was  designed  such  that  the  multi piece 
tooling  fitted  between  the  hub  and  rim, 
holding  the  rim  in  position  relative  to 
the  hub  bore.  A  machined  hub  is  shown 
in  Fig.  18.  The  multipiece  tooling  was 
manufactured  by  mounting  all  the  pieces 
assembled  in  a  set  on  a  face  plate,  then 
fflachining  the  band  slots  and  inner  and 
outer  diameters  simultaneously.  The  set 
was  then  match  marked  so  that  it  could  be 
reassembled  in  the  same  relationship.  A 
gap  was  left  between  the  hub  and  tooling- 
set  diameters  and  between  the  tooling-set 
and  rim  diameters,  so  that  shims  could  be 
used  to  adjust  the  alignment  and  provide 
for  easier  disassembly  after  the  bands 
were  cured. 

This  first  flywheel  had  the  hub  and 
band  tooling  assembled  to  the  rim  with  a 
0.002-inch  TIR  on  the  rim  00  and  a  0.004- 
inch  TIR  on  the  rim  face.  The  band  set 
was  wound  with  380-denier  Kevlar-49  yarn, 
and  the  same  epoxy  resin  used  in  the  rim. 
The  first  flywheel  data  are  summarized 
in  Table  6.  The  finished  flywheel  after 


168734 


Fig.  18.  MACHINED  ALUMINUM  HUB  WITH  LUGS  TO 
MAINTAIN  BAND  POSITION. 
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removal  of  the  tooling  and  readied  for 
spin  testing  is  shown  in  Fig.  19. 


Table  6 

PHYSICAL  DATA  ON  THE 
FIRST  FLYWHEEL 


Weights 

(lb) 

Moments  of  Inertia 
(in-ib-sec^) 

Rim 

21.29 

4.256 

Bands 

1.48 

0.150 

Hub 

1.78 

0.019 

Total 

24.56 

4.425 

FLYWHEEL  TESTING 


rim;  and  the  flywheel  was  decelerated  and 
stopped  without  catastrophic  failure.  The 
energy  stored  was  0,25  kwh,  and  the  energy 
density  was  10.1  Wh/lb  at  18,000  rpm. 

These  test  results  are  presented  in  more 
detail  in  a  companion  paper. ^ 
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ABSTRACT 

Art  adhesive  bonded  elastomeric  interlayer  has  been  found  to  be  a  very 
effective  method  for  attaching  composite  flywheel  rotors  to  shafts. 

Spin  tests  of  quasi-isotropic  glass  fiber/epoxy  discs  have  shown  dis¬ 
tinct  advantages  of  this  method  of  hub  attachment  relative  to  rigid 
adhesive  bonding  or  the  use  of  discrete  fasteners.  Thirteen  discs  with 
bonded  elastomeric  hubs  were  spin  tested  to  burst.  No  failures  occurred 
at  the  rotor/hub  interface.  Burst  speeds  were  tightly  grouped  and 
consi stent  wi th  values  expected  based  on  the  ultimate  strength  of  the 
rotor  mate ri al s .  The  effect  of  the  elasticity  of  the  interlayer  on  the 
dynamics  of  the  rotor  has  been  considered.  In  addition  to  its  primary 
function,  the  elastomeric  hub  attachment  can  be  designed  to  damp  reso¬ 
nances,  relocate  critical  speeds,  reduce  gyroscopic  moments,  and  isolate 
the  flywheel  from  drive  train  torsional  oscillations.  Further  develop¬ 
ment  of  this  concept  is  planned. 


INTRODUCTION 


The  quasi-isotropic  disc  is 
a  potentially  attractive  config¬ 
uration  for  low  cost/moderate 
performance  flywheel  rotors. 

They  can  be  easily  fabricated  by 
laminating  multiple  plies  of  a 
unidirectional  fiber  reinforced 
composite  at  different  angles 
(Figure  1).  Since  the  disc  mate¬ 
rial  is  not  uniformly  stressed, 
only  moderate  performance  levels, 
in  terms  of  energy  storage  per 
unit  weight,  can  be  achieved. 
However,  energy  storage  per  unit 
volume  is  high,  and  the  quasi¬ 
isotropic  rotor  is  easier  to 
balance  and  analyze  than  many 
other  configurations. 


FIGURE  1  Quasi-isotropic  Flywheel 
Rotor 

A  key  factor  in  the  perfor¬ 
mance  of  quasi-isotropic  rotors 
is  the  method  used  to  attach  the 
rotor  to  the  input/output  shaft. 
Stress  analysis  of  a  rotating 


isotropic  disc  shows  that  pierc¬ 
ing  the  disc  at  its  center 
doubles  the  maximum  stress  rela¬ 
tive  to  a  solid  disc.^  This  is 
true  regardless  of  how  small  the 
hole  is  made.  Consequently,  the 
energy  storage  capability  of  the 
pierced  disc  is  only  half  that 
of  the  solid  disc.  Therefore, 
the  use  of  a  shaft  passing 
through  the  flywheel  rotor  or 
bolted  attachments  is  obviously 
undesirable.  Adhesive  bonding 
is  the  simplest  and  most  obvious 
way  to  attach  a  rotor  to  a  shaft 
without  piercing  it.  This  method 
was  used  by  Dave  Rabenhorst  in 
his  evaluation  of  materials  and 
configurations  for  low  cost  fly¬ 
wheels.^  A  tapered  hub  was 
bonded  to  the  q uas i -i sotropi c 
disc  using  a  high  strength  struc¬ 
tural  epoxy  adhesive.  This  hub, 
which  was  about  1/4  of  the  rotor 
diameter,  was  then  bolted  to  the 
driveshaft.  A  number  of  spin 
tests  were  performed  using  this 
configuration.  The  results  were 
unsatisfactory.  Typically,  the 
bond  between  the  hub  and  disc 
failed  before  the  expected  burst 
speed  of  the  disc  was  reached. 

The  disc  then  separated  from  the 
shaft  at  a  speed  much  lower  than 
that  predicted  by  the  strength  of 
the  disc  material  and  was  com¬ 
pletely  destroyed.  Attempts  to 
improve  the  bond  by  use  of  dif¬ 
ferent  adhesives  and  bonding 
procedures  were  all  unsuccessful. 

ELASTOMERIC  INTERLAYER 

To  overcome  the  failures  at 
the  hub/disc  interface.  Lord 
Corporation  proposed  that  an 
elastomeric  interlayer  be  bonded 
between  the  hub  and  the  disc. 

The  elastomer  having  a  very  low 
shear  modulus  would  minimize  the 
shear  stresses  ordinarily  induced 
in  the  epoxy  adhesive  by  the  dif¬ 
ference  in  strain  levels  between 
the  hub  and  disc.  Peeling 
stresses  due  to  gyroscopic  mo¬ 
ments  could  also  be  reduced. 

Calculations  indicated  that 
an  elastomer  layer  as  thin  as 
.020"  would  be  adequate  for  these 
purposes.  Thicker  sections  were 
actually  used  to  provide  favor¬ 


able  effects  on  the  dynamics  of 
the  system  by  influencing  criti¬ 
cal  speeds  and  introducing 
additional  damping. 

Diameter  of  the  interlayer 
would  ordinarily  be  determined  by 
the  required  driving  torque  cap¬ 
ability.  Since  the  torque 
applied  during  the  spin  tests  is 
very  small,  three  different  diam¬ 
eters  were  also  tested  to 
determine  how  this  parameter 
might  influence  performance.  A 
typical  quasi -isotropi c  disc  with 
the  bonded  elastomeric  interlayer 
attachment  is  shown  in  Figure  2. 


FIGURE  2  Quasi-isotropic  Disc 
Flywheel  Rotor  With 
Bonded  Elastomeric  Hub 
Attachment 

SPIN  TEST  ROTORS 

Thirteen  24"  diameter  quasi¬ 
isotropic  rotors  with  bonded 
elastomeric  interlayers  were  fab¬ 
ricated  for  the  initial  series  of 
spin  tests. 

The  first  nine  of  these 
consisted  of  seven  plies  of  uni¬ 
directional  glass  fiber/epoxy 
prepreg  in  a  0'’-90°  cross-ply 
laminate.  Elastomer  thicknesses 
of  .063",  .125"  and  .250"  were 
used  along  with  diameters  of 
1 .50"  ,  3.00"  and  6.00"  . 

Four  additional  discs  were 
fabricated  using  elastomeric  in¬ 
terlayers  .125"  thick  and  3.00" 
in  diameter.  One  of  these  discs 
consisted  of  eight  plies  in  a 
0°-45°-90‘’  orientation  while  the 
other  three  were  six  plies  at 
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0°-60'’-120°.  An  .of  these 
samples  were  fabricated  by  Lord 
Corporation  and  spin  tested  at 
the  Johns  Hopkins  University  - 
Applied  Physics  Lab. 

SPIN  TEST  RESULTS 


The  initial  spin  tests  using 
the  elastomeric  interlayer  hub 
attachment  showed  dramatic  im¬ 
provement  over  previous  tests. 

Burst  speeds  were  much  higher 
than  previously  attained  and  more 
repeatable  as  shown  by  the  re¬ 
sults  for  the  0°-90°  cross-ply 
discs  in  Table  1  . 

Table  1.  Spin  test  results  for  24-inch  diameter  90°  cross-ply  glass 
fiber/epoxy  discs  with  bonded  elastomeric  hub  attachment. 


Test 

Elastomer 

Diameter 

(in) 

Elastomer 

Thickness 

(in) 

Burs  t 
Speed 
(RPM) 

Energy 
Weight 
(W-hrs/1 b) 

Energy 

Vol ume 
( W-hrs /i n ^ ) 

Nomi na 1 ® 
Stress 
(psi ) 

1 

3.00 

.  250 

22290 

15.9 

1.04 

54443 

2 

3.00 

.125 

22840 

16.7 

1  .09 

57162 

3 

3.00 

.063 

22000 

15.5 

1.01 

53035 

4 

3.00 

.125 

221  70 

15.8 

1  .02 

53858 

5 

3.00 

.063 

22680 

16.5 

1.07 

56364 

6 

1  .50 

.125 

22180 

15.8 

1  .03 

53907 

7 

6.00 

.125 

22300 

15.9 

1.04 

54491 

8 

6.00 

.125 

23110 

1  7.1 

1  .11 

58522 

9 

1  .50 

.125 

22920 

16.8 

1  .09 

57563 

Average 

22500 

16.23 

1  .055 

55483  psi 

a  1 

Based  on  isotropic  disc  S  = - (3+v)R^ 

8  386.4 


The  nominal  stress  at  burst 
and  the  close  grouping  of  the 
burst  speeds  are  consistent  with 
the  ultimate  strength  character¬ 
istics  of  the  disc  material.  The 
mean  burst  speed  corresponds  to 
an  energy  storage  of  16.25 
W-hrs./lb.  at  burst.  In  all 
cases,  the  elastomer/composite 
bond  remained  intact  (Figure  3). 
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FIGURE  3  Elastomeric  Interlayer/ 
Disc  Interface  After 
Spin  Test 

Neither  the  diameter  or 
thickness  of  the  elastomer  layer 
appeared  to  influence  the  re¬ 
sults.  This  was  not  particularly 
surprising  since  both  of  these 
parameters  were  deliberately  made 
larger  than  the  calculations  in¬ 
dicated  were  necessary.  They  did 
however  influence  the  dynamics  of 
the  rotor.  Tests  with  the  elas¬ 
tomeric  interlayers  ran  much 
smoother'than  previous  tests  with 
no  objectionable  vibration.  On 
this  basis,  the  3"  diameter  by 
.125"  thick  elastomeric  inter¬ 
layer  was  chosen  as  the  standard 
for  all  further  testing. 

Solution  of  the  hub  attach¬ 
ment,  problem  by  means  of  the 
bonded  elastomeric  interlayer, 
permitted  the  evaluation  of  the 
0°-+45°-90°  and  0°-60°-120° 
q uas i - i sotropic  discs  to  proceed. 
Both  of  these  configurations 
showed  significantly  higher 
energy  storage  than  the  0°-90° 
cross-ply.  The  results  are  sum¬ 
marized  in  Table  2. 


158 


Table  2.  Spin  test  results  for  24-inch  diameter  q uas i -i sotropi c  discs 
with  3-inch  diameter  by  .125  inch  thick  bonded  elastomeric  hub 
attachment. 


Test 

No .  of 
Plies 

Ply 

Ori entation 

Burst 

Speed 

(RPM) 

Energy 

Wei ght 
(W-hrs/1 b) 

Energy 

Vol ume 
(W-hrs/1 b^ ) 

Nomi nal 
Stress 
(psi ) 

10 

8 

0'>-+45°-90° 

24890 

19.9 

1.29 

67884 

11 

6 

0°-60°-120° 

26120 

21  .9 

1  .42 

74760 

12 

6 

0°-60°-120° 

25490 

20.8 

1  .35 

71197 

The  0°-60°-120°  ply  orienta¬ 
tion  gave  the  best  results. 

Energy  storage  was  30%  greater 
than  the  0°-90°  cross-ply  discs. 

An  additional  test  was  per¬ 
formed  to  empirically  determine 
the  effect  which  a  small  central 
hole  would  have  on  the  energy 
storage  capability  of  the  quasi¬ 
isotropic  disc.  A  .25-inch 
diameter  hole  was  drilled  in  the 
center  of  a  0°-60°-120°  disc 
after  bonding  of  the  elastomeric 
hub.  This  disc  burst  at  a  speed 
of  18,510  RPM  with  an  energy 
storage  of  11.0  W-hrs./lb.  This 
value  is  51%  of  the  average  for 
the  unpierced  discs  and  is  con¬ 
sistent  with  the  closed  form 
solution  for  an  isotropic  disc 
withahole. 

Evaluation  of  the  quasi¬ 
isotropic  disc  will  continue  with 
emphasis  on  evaluation  of  mate¬ 
rials.  Kevlar/epoxy,  graphite/ 
epoxy,  and  birch  plywood  discs 
have  already  been  fabricated  and 
prepared  for  testing. 

ADVANTAGES  OF  THE  ELASTOMERIC 
INTERLAYER  HUB  ATTACHMENT 

In  addition  to  overcoming 
the  hub  attachment  problem  and 
allowing  q uas i - i sotropi c  flywheel 
rotors  to  develop  their  full 
energy  storage  capability,  a 
bonded  elastomeric  interlayer  can 
offer  numerous  other  advantages 
in  flywheel  systems.  Among  these 
advantages  are: 


1.  The  damping  inherent  in 
the  elastomer  can  help  to  control 
resonances  which  occur  while 
passing  through  critical  speeds. 
This  effect  was  quite  evident  in 
the  spin  tests  conducted  at 
Johns  Hopkins.^  Tests  with  the 
el astomeric  i nterlayer  were  much 
smoother  than  the  others.  Unlike 
viscous  damping,  hysteresis  damp¬ 
ing  provides  a  force  which  is 
proportional  to  amplitude  but  not 
frequency.  The  equivalent  damp¬ 
ing  factor  is  high  at  low  speeds 
where  resonances  can  occur  but 
much  smaller  at  the  operating 

s  peed . 

2.  The  stiffness  character¬ 
istics  of  the  elastomeric  layer 
can  be  designed  to  favorably  in¬ 
fluence  the  critical  speeds  and 
modes  of  the  system.  Radial  and 
cocking  stiffnesses  can  be 
tailored  for  specific  applica¬ 
tions.  Initial  analysis  of  the 
rotor  dynamics  indicates  that 
these  characteristics  can  have  a 
dominant  influence  on  the 
system.^  The  wide  variety  of 
elastomers  available  would  allow 
flexibility  in  adjusting  the  dy¬ 
namic  characteristics  of  a 
system  after  it  is  designed  and 
tested.  Modulus  and  loss  factor 
of  the  elastomer  layer  could  be 
readily  changed  to  overcome  unex¬ 
pected  probl ems , 

3.  The  flexibility  of  the 
elastomeric  layer  provides  a 
limited  degree  of  gimballing  of 
the  flywheel  rotor  relative  to 
the  shaft.  By  allowing  this 
motion,  the  loads  on  the  shaft 
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and  bearings  due  to  gyroscopic 
moments  can  be  reduced  signifi¬ 
cantly  while  maintaining  control 
of  the  flywheel  position  relative 
to  the  shaft.  The  degree  of  gim- 
balling  provided  can  be  traded 
off  against  the  time  required  for 
the  rotor  to  achieve  its  new 
orientation  when  disturbed.  This 
phenomenon  is  being  investigated 
further. 

4.  The  torsional  stiffness 
of  the  elastomer  layer  about  the 
shaft  axis  can  be  tailored  to 
isolate  the  flywheel  from  drive 
train  disturbances.  Existing 
technology  in  elastomeric  cou¬ 
plings  could  be  applied  to 
achieve  this  while  maintaining 
sufficient  torque  transmission 
capabi 1 i ty . 

Thin  bonded  elastomer  layers 
could  also  be  applied  in  rim  type 
flywheel  configurations  at  the 
juncture  of  the  spokes  and  rim  to 
accommodate  differential  strains 
while  transmitting  the  driving 
torque.  Multi-rim  flywheels 
could  be  fabricated  using  exist¬ 
ing  technology  developed  for 
laminated  elastomeric  bearings 
for  helicopter  applications. 

While  the  bonding  and  processing 
techniques  developed  for  the 
quasi -i sotropic  discs  would  be 
directly  applicable.  Further 
discussion  of  these  possibilities 
is  beyond  the  scope  of  this 
paper. 

Future  work  at  Lord 
Corporation  on  the  elastomeric 
interlayer  hub  attachment  will 
closely  parallel  the  development 
of  the  q uas i -i stropic  rotor. 
Bonding  techniques  will  be  devel¬ 
oped  as  required  to  evaluate  new 
rotor  materials.  Scale-up  to 
more  practical  rotor  sizes  is 
also  anticipated. 
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ABSTRACT 

The  tension-balanced  spokes  for  supporting  fiber-reinforced  composite  rims  for  fly¬ 
wheels  satisfy  the  general  requirements  of  providing  a  stable  mechanical  connection  be¬ 
tween  the  flywheel  hub  and  rim.  This  connection  maintains  the  concentricity  and  geomet¬ 
ric  alignment  needed  for  static  and  dynamic  balance  and  is  rigid  enough  to  resist  the 
radial  and  gyroscopic  forces  which  may  be  imposed.  In  addition,  the  spokes  transmit  the 
torque  required  for  high  rates  of  rim  acceleration  and  deceleration.  As  the  flywheel  rim 
dilates  under  the  action  of  the  centrifugal  force  and  the  high  circumferential  tensile 
stress  it  produces,  continuity  will  require  that  the  spokes  stretch  by  an  amount  equal 
the  dilation  of  the  rim  in  order  that  rim  contact  be  maintained.  Spokes  directly  attached 
to  a  rim  will  generally  require  a  high  radial  force  to  stretch  the  spokes  enough  to  main¬ 
tain  the  contact.  However,  spokes  simply  fastened  to  the  fiber-reinforced  composite  rim 
would  produce  an  excessive  radial  force.  To  avoid  this  force,  the  centrifugal  loading  on 
the  spokes  is  increased  by  the  addition  of  weights  to  their  outer  ends  so  as  to  produce 
the  required  stretching  without  excessive  radial  loads  being  transferred  to  the  rim.  A 
spoke  using  this  means  of  stretching  is  called  a  tension-balanced  spoke.  Preshaping  of 
the  spokes  is  required  to  avoid  bending  stresses.  This  shape  has  been  found  by  solution 
of  the  equations  for  a  force  balance  on  curved  elements  of  the  spokes  in  a  centrifugal 
force  field. 


INTRODUCTION 

The  very  high  strength-to-weight  ratio 
of  filament-wound  fiber-wound  composite 
materials  indicate  that  such  materials  are 
ideally  suited  for  use  in  high-speed  fly¬ 
wheels  for  kinetic  energy  storage.  The 
high  filament  strength  and  low  weight  will 
permit  very  high  rotational  speeds  for 
filament-wound  rings  as  the  unidirectional 
filaments  are  oriented  in  such  a  way  as  to 
resist  the  centrifugal  loading  via  hoop 
tension.  However,  a  practical  flywheel 
must  withstand  forces  other  than  the  cen¬ 
trifugal  forces.  These  other  forces  are 
associated  with  the  torque  transmitted  from 
the  rim  to  the  output  shaft,  the  forces  to 
maintain  concentricity  and  the  torque  to 
resist  gyroscopic  moments.  These  other 
forces  induce  stresses  such  as  shear, 
flexure  and  transverse  tension,  for  which 
the  fiber-reinforced  composite  material 
may  be  very  weak. 

A  major  problem  in  designing  flywheels 
with  filament-wound  Tings  is  to  find  a  suit¬ 
able  means  of  support  for  the  ring  which 


will  permit  its  dilation  due  to  centrifugal 
force  and  at  the  same  time  will  provide 
constraint  against  transverse  and  axial 
motion  and  will  resist  the  torsional  loads 
of  acceleration  and  gyroscopic  effects. 
Numerous  means  of  solving  this  problem 
have  been  proposed.  One  means  presented 
here  involves  a  unique  spoke  arrangement 
which  permits  dilation  of  the  ring  with¬ 
out  imposing  significant  radial  forces 
upon  the  ring.  Although  the  spokes  have 
adequate  elasticity  to  permit  ring  dila¬ 
tion,  they  can  still  have  adequate  rigid¬ 
ity  to  provide  dynamic  stability  to  main¬ 
tain  concentricity  and  to  resist  gyroscopic 
and  acceleration  torques. 

CONCEPT  OF  TENSION-BALANCED  SPOKES 

The  tension-balanced  spokes  for  sup¬ 
porting  fiber-reinforced  composite  rims 
for  flywheels  is  shown  in  Fig.  1  and  com¬ 
bine  several  basic  concepts.  The  general 
requirement  for  flywheel  spokes  is  that 
they  provide  a  stable  mechanical  connection 
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between  the  flywheel  hub  and  rim  to  main¬ 
tain  the  concentricity  and  geometric  align¬ 
ment  needed  for  static  and  dynamic  balance 
and  to  resist  the  radial  and  gyroscopic 
forces  which  may  be  induced  by  external 
disturbances.  The  spokes  must  also  trans¬ 
mit  the  torque  required  for  high  rates  of 
rim  acceleration  and  deceleration. 


Fig.  1.  Tension-balanced  Catenary  Spoke 
for  Larger  Rim. 

Spokes  for  fiber-reinforced  composite 
rims  have  some  special  requirements.  Be¬ 
cause  such  rims  have  very  1 ittle  strength 
to  resist  the  shear  and  flexure  stresses 
which  spokes  would  normally  impose  upon 
rims,  the  spokes  must  not  impose  high  ra¬ 
dial  forces  at  the  point  of  attachment. 
Radial  loads  imposed  by  the  spokes  will 
produce  shear  and  flexure  stresses  through¬ 
out  the  rim  in  addition  to  the  local  radial 
stresses  at  the  attachment  point.  The  fly¬ 
wheel  rim  dilates  due  to  the  high  circum¬ 
ferential  tensile  stress  produced  by  cen¬ 
trifugal  force.  The  amount  of  dilation  is 
dependent  upon  the  circumferential  tensile 
stress  and  the  modulus  of  elasticity.  Con¬ 
tinuity  requires  that  the  spokes  must 
stretch  to  mainta^in  contact  with  the  rim 
by  an  amount  equal  to  the  dilation  of  the 
rim.  The  radial  stretch  of  the  spokes  is 
dependent  upon  the  spoke  stress  and  the 
spoke  modulus  of  elasticity.  Consequently, 
the  average  spoke  stress  required  for  con¬ 


tinuity  must  equal  the  stress  in  the  rim 
times  the  ratio  of  the  modulus  of  elas¬ 
ticity  of  the  spoke  to  the  modulus  for  the 
rim.  If  the  rim  and  spoke  material  have 
the  same  modulus  of  elasticity,  the  aver¬ 
age  stress  in  the  spoke  will  equal  that  in 
the  rim;  however,  because  the  centrifugal 
force  on  the  spoke  causes  a  stress  varia¬ 
tion  along  its  length,  the  spoke  will  have 
a  higher  peak  stress.  If  the  rim  has  a 
higher  modulus  than  the  spoke,  the  stresses 
in  the  spoke  will  be  lower.  A  rim  of  a 
fiber-reinforced  composite  with  a  high- 
modulus  reinforcing  material  such  as 
KEVLAR*  or  graphite  could  be  supported  by 
spokes  made  from  a  fiber-reinforced  compo¬ 
site  of  lower  modulus  material  such  as 
E-glass.  In  these  cases,  the  stress  in 
the  spokes  would  be  less  than  that  in  the 
rim  by  the  ratio  of  modulii. 

Spokes  directly  attached  to  a  rim  will 
generally  require  a  high  radial  force  to 
stretch  the  spoke  enough  to  maintain  the 
contact.  Fiber-reinforced  composite  spokes 
simply  fastened  to  the  rim  would  produce  an 
excessive  radial  force  on  the  rim.  To  avoid 
this  force,  the  centrifugal  loading  on  the 
spokes  is  induced  by  the  addition  of  weights 
to  their  outer  ends  which  produce  the 
required  stretching  without  excessive  ra¬ 
dial  loads  at  the  rim  attachment.  A  spoke 
using  this  means  of  stretching  is  called 
a  tension-balanced  spoke.  Figure  1  showed 
a  possible  arrangement.  As  shown,  the 
loading  on  the  tension-balanced  spoke  is 
due  to  the  centrifugal  force  along  the 
spoke  in  addition  to  the  centrifugal  force 
acting  on  the  added  weight  required  for 
matching  the  rim  dilation.  Thus,  a  varia¬ 
tion  in  tension  occurs  along  the  length 
of  the  spoke. 

In  order  to  carry  forces  due  to  the 
torsional  load  on  the  rim  without  bending 
moments  in  the  spokes,  the  spokes  must  be 
at  some  significant  angle  to  the  flywheel 
radii.  Consequently,  the  centrifugal  for¬ 
ces  acting  upon  the  spokes  will  have  a 
transverse  component,  which  can  be  resis¬ 
ted  by  a  pure  tension  element  if  it  has 
the  correct  curvature.  The  shape  of  the 
spokes  required  for  pure  tension  has  been 
found  by  a  solution  of  the  equations  for  a 
force  balance  on  finite  elements  of  the 
spokes  in  a  centrifugal  force  field.  Fig¬ 
ure  2  shows  shape  and  finite  element  with 
forces  acting  on  it.  The  variation  in  ten¬ 
sion  along  the  spokes  has  also  been  deter¬ 
mined^ _ 

*E.  I.  Du  Pont  de  Nemours  &  Co.  trademark 
for  their  poly  aramide  fiber. 
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(2) 


F  =  —  AS  X  0)2 
X  g 

F  =  —  AS  y  (0^  (3) 

y  g 

From  a  force  balance  on  an  element  of 
length  as  in  which  the  flexure  stiffness 
is  ignored,  as  it  should  be,  the  following 
relationships  are  found: 


AH  = 

-F^  =  -(|u)2)  X  AS 

(4) 

AV  = 

■''y  "  ^ 

(5) 

Fig.  2.  Polar  Catenary  Force  Diagram  Letting 


A  pure  tension  element  such  as  a  cable 
would  assume  the  shape  of  a  common  catenary 
if  it  were  supported  at  its  ends  and  acted 
upon  by  a  uniform  gravitational  load.  If 
it  is  acted  upon  by  a  centrifugal  force 
field  characterized  by  a  load  radiating 
from  a  central  point  with  a  magnitude 
varying  with  the  radius,  the  shape  of  the 
curve  may  be  called  a  "polar  catenary." 

The  polar  catenary  has  been  examined  numer¬ 
ically  by  finite  difference  methods.  An 
equation  of  closed  form  for  the  curve  has 
also  been  developed  for  a  taut  spoke. 

The  tension-balanced  spoke  should  be 
preshaped  to  lie  along  a  segment  of  a  po¬ 
lar  catenary.  The  radius  of  curvature  and 
overall  shape  of  the  particular  curve  for 
connecting  a  specific  rim  and  hub  has  been 
calculated  and  a  spoke  system  based  on  such 
a  curve  has  been  built. 

DERIVATION  OF  SHAPE  OF  HIGH  SPEED  SPOKES 

Figure  2  shows  the  forces  on  an  ele¬ 
ment  of  a  spoke  having  length  as  along  the 
spoke.  The  force  Fp  is  the  centrifugal 
force  and  is  directed  radially  outward 
from  the  center  of  rotation,  having  a 
value: 


F^  =  j  AS  r  0)2  (1) 

where  w  =  spoke  weight  per  unit  length, 

1  b/  i  n 

g  =  gravitational  constant,  in/sec2 
r  =  radius  of  element,  inches 
w  =  rotational  speed,  rad/sec 
AS  =  incremental  length,  inches 

The  centrifugal  force  components  in 
the  X  and  y  directions  are  as  follows: 


P  =  ^2  (5) 

then  in  the  limit  as  as  approaches  0 

f=-Px  (7) 

and 

f=-py  (8) 

For  completely  flexible  elements,  it 
can  be  seen  that: 


V  =  ^ 


H 

dx 

so  that 

^  = 

d(H*) 

dx 

dx 

Differentiating  (10) 

gives : 

(9) 


(10) 


(11) 


Equations  7,  8,  and  11  can  be  solved 
by  finite  difference  methods  starting  with 
initial  conditions  for  T,  Y,  and  dy/dx  at 
X  =  0;  however,  it  would  be  of  value  to 
have  an  analytical  solution.  An  approxi¬ 
mate  solution  is  obtained  by  substituting 
AX  for  AS.  Such  a  substitution  is  quite 
reasonable  for  shallow  curves  where  Ax  is 
nearly  equal  to  As.+  Then  Eqs.  7  and  8 
become : 


+Tilting  the  coordinates  so  that  the  x  axis 
more  nearly  parallels  the  spoke  improves 
this  approximation! 


163 


f.-Px  02) 

f.-Py  (13) 

(12)  and  (13)  into  (11 ) 

-  Px^  +  Py  =  0  (14) 

dx 

Equation  12  can  be  solved  to  give: 


Substituting 
yields : 


it  can  be  shown  that 

y  =  C^x.C,  [,  .>!|iu(l^)](22) 

For  the  initial  value  problem,  the 
value  of  C-j  and  C2  can  be  shown  from  (18) 
to  give: 


C 


1 


C 


2 


=  y  at  X  =  0 


=  ^ 
dx 


at  X  =  0 


(23) 


H  =  Ho  -  %Px2 


(15)  DERIVATION  OF  STIFFNESS  OF  SPOKE 


which  on  substitution  in  (14)  gives: 

2H 

(-ir  -  2y  =  0  (16) 

P  dx^  dx 

Equation  16  is  the  differential  equa¬ 
tion  for  the  shape  of  a  shallow  curve  of  a 
flexible  cord  in  a  centrifugal  force  field. 
The  equation  has  variable  coefficients  and 
can  be  solved  to  yield  a  power  series  so¬ 
lution  by  the  method  of  Frobenius.  The 
details  of  the  solution  will  not  be  given 
here  but  the  reader  may  make  a  back  subs¬ 
titution  to  verify  the  solution.  For  con¬ 
venience,  a  new  parameter  should  be  subs¬ 
tituted. 


I  X,  -  ■  _  W  (Jl)^ 

^  ■  2Ho  ■  2g*Ho 

then  the  general  solution  of  (16)  is: 
y  =  Ci(l  -  qx^-  ^^x't  _  iq3x6 _ 


(17) 


3 

1  „n  2n 


(18) 


2n-l 


<1  X 


.)  +  C  X 
2 


where  C]  and  C2  are  arbitrary  constants  to 
satisfy  initial  conditions. 


The  spoke  stiffness  of  the  flywheel 
must  be  high  enough  to  maintain  the  con¬ 
centricity  of  the  rim  and  hub  when  they 
are  acted  upon  by  a  dynamic  disturbance. 
This  requires  a  high  stiffness  to  insure 
that  the  natural  frequency  of  the  hub  to 
rim  vibration  be  significantly  higher  than 
the  flywheel  rotational  speed.  The  rela¬ 
tionship  for  this  frequency  is  a  well- 
known  function  of  the  masses  and  spring 
constant. 


The  stiffening  of  the  spoke  due  to 
the  transverse  component  of  centrifugal 
force  can  be  approximated  with  reasonable 
accuracy  for  the  shallow  curve  by  consi¬ 
dering  the  transverse  load  per  unit  length 
as  a  constant  and  by  treating  the  curve  as 
a  segment  of  a  circle.  Let  the  transverse 
force  per  unit  length  equal: 


X 

al 


(24) 


where  y  is  the  average  transverse  offset  of 
the  curve.  Consider  the  curved  spoke  in 
Fig.  3  as  a  segment  of  a  circle.  The 
length  is  as  follows: 


L  =  2  a  R  (25) 


A  closed  form  for  the  series  can  be 
found  using  the  known  series+T. 

=  2(0  +  lp3+ip5  +  ip7...)  (19) 
From  Eq.  19  it  can  be  shown  that 


The  tension  required  to  support  the 
transverse  load  is  found  from  a  force  bal¬ 
ance  to  be: 

T  .  (26) 

c  a 

But 


So  that 

Letting 

8=  >/7x  (21) 

ftMarks  Handbook,  4th  Edition,  Page  160. 


2  a  =  L/R 

T  =  m  y  u)^  R 


(27) 

(28) 
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Differentiating  gives 

AT  =  m  y  0)2  aR  (29) 

The  cord  length  can  be  shown  to  be: 

X  =  2R  sin  a  (30) 

Expanding  sin  a  as  a  series  and  keep¬ 
ing  the  first  higher  order  term  gives: 


Then  the  effective  spring  constant: 


But 


Therefore, 


k  =  ^  = 

^  AX 

3  m  y  0)2 

2 

(38) 

2  -  (L 
=  6  — 

-  X) 

L 

(39) 

3 

m  y  0)2 

(40) 

(L  -  x)\3/2 

Fig.  3.  Taut  Wire  with  End  Tension,  T. 
Thus, 

L-x  =  ^a^  (32) 

Substituting  and  simplifying  gives: 

X  =  L(1  -  ^)  (33) 

Since  L  is  a  constant, 

AX  = 

Aa  = 

AR  = 

Substituting  gives: 

AT  = 


The  spring  constant  increases  with 
the  square  of  the  rotational  speed,  and 
inversely  with  the  3/2  power  of  the  differ¬ 
ence  between  arc  length  and  the  cord  length. 
The  spring  constant  also  increases  with 
the  mass  per  unit  length. 

Calculations  using  finite  step  inte¬ 
grations  for  tension,  shape,  and  path 
length  have  been  used  to  check  the  valid¬ 
ity  of  the  above  equation  for  the  very 
shallow  curved  shape  being  considered  for 
the  spoke.  These  calculations  show  that 
the  approximation  is  very  good. 

TEST  OF  TENSION-BALANCED  SPOKES 

A  flywheel  shown  in  Fig.  4  was  assem¬ 
bled  and  tested  to  evaluate  the  tension- 
balanced  spoke  concept.  The  spokes  for 
this  flywheel  were  made  from  S-gl ass/epoxy 
prepreg  which  was  filament-wound  and  cured 
on  a  curved  form  to  produce  the  theoretical 
shape  of  a  "polar  catenary."  Figure  5 
shows  a  finished  spoke  unit  of  the  type 
which  was  used  to  connect  a  30-inch  dia¬ 
meter  fiberglass/epoxy  ring  to  an  8-inch 
diameter  aluminum  hub.  Two  of  these  units 
were  used  to  assemble  the  flywheel  shown 
in  Fig.  6.  At  the  point  where  the  spokes 
were  bonded  to  the  rim,  a  steel  loading 
weight  was  installed  to  produce  the  cen¬ 
trifugal  loading  necessary  to  balance  the 
spoke  tension  and  prevent  excessive  ten¬ 
sion  in  the  bond  at  the  spoke-to-rim 
joint.  The  loading  weight  and  the  joint 
were  overwrapped  with  fiberglass/epoxy  and 
cured.  The  spokes  were  bonded  with  epoxy 
to  the  hub  with  the  bond  extending  over  an 
arc  of  19°. 

The  cured  spokes  provided  adequate 
rigidity  at  low  speed  to  maintain  good  rim 
centering  so  that  very  little  vibration 
was  observed  in  traversing  the  low  speed 
resonance.  Very  little  runout  or  oscilla¬ 
tion  occurred  over  the  speed  range  of  the 
test.  Nothing  of  an  adverse  nature  was 


-La 

3 

(34) 

-L 

aR 

2R2 

(35) 

6  Ax 

4 

(36) 

9  /  3  Ax  X 
^  ?  ::3 ) 

(37) 
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observed  until  a  speed  of  10,000  rpm  was 
reached  at  which  point  the  flywheel  ab¬ 
ruptly  failed.  The  rim  dropped  to  the 
bottom  of  the  tank  where  it  continued  to 
rotate  until  stopped  by  friction.  The  hub 
broke  loose  from  the  support  shaft  and 
dropped  to  the  bottom  of  the  tank  where  it 
also  rotated  until  stopped  by  friction. 


Fig.  4.  Single  Ring  Using  Tension-Balanced 
Catenary  Spokes. 


Fig.  6.  Assembled  Flywheel  with  Tension- 
Balanced  Spokes. 


On  inspection  after  the  test  tank  was 
opened,  it  appeared  that  the  loading  weights 
had  been  flung  to  the  sides  of  the  tank 
where  they  struck  with  high  velocity  causing 
dents  in  the  tank  wall  and  extensive  deform¬ 
ation  of  the  weights  themselves.  It  seems 
probable  that  the  centrifugal  force  on  the 
weights,  which  was  3,000  lbs  at  10,000  rpm, 
caused  excessive  bearing  compressive  stress 
in  the  spokes  at  the  attachment  point  and 
that  a  failure  of  the  spokes  at  this  point 
resulted  from  this  transverse  loading.  A 
larger  radius  of  curvature  for  the  loading 
weight  appears  to  be  necessary  in  order  to 
keep  the  bearing  stress  within  allowable 
1 imits. 

CONCLUSION 

The  test  results  appear  to  validate 
the  general  nature  of  the  design  while  un¬ 
covering  a  deficiency  in  its  execution. 
Dynamic  stability  was  maintained  at  speeds 
greatly  in  excess  of  the  first  critical 
frequency  indicating  that  adequate  rigid¬ 
ity  had  been  achieved.  Moreover,  a  radial 
dilation  of  about  .090  inches  due  to  the 
tensile  stress  induced  by  centrifugal  force 
had  been  accommodated.  The  failure  which 
occurred  appeared  to  be  the  result  of  an 
inadequate  load  bearing  area  for  the  spoke- 
tension  induction  weights.  There  appears 
to  be  nothing  to  prevent  the  bearing  area 
from  being  increased  to  such  a  point  as 
required  for  an  acceptable  bearing  stress. 
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Fig.  5.  Polar  Catenary  Spoke  for  Test 
flywheel . 
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**THE  PRESTRESSED  LAMINATED  PLYV/HEEL  AND  ITS  HYDROVAC  AMBIENCE” 


Robert  C.  Clerk, 

20  Whitehill  Road, 
Glenrothes,  Scotland* 


ABSTRACT 

The  prestressed  laminated  flywheel  seeks  to  retain  the  advantages  of  steel,  in 
it  low  material  cost,  high  specific  inertia  and  low  specific  bulk,  which  serve  to 
reduce  ancillary  weights  of  gearing  and  vacuum  casings,  while  also  extending  the 
fatigue  range  and  integrity  beyond  normal  practice,  so  that  when  considered  overall, 
the  specific  storage  of  the  operating  assemblage  in  Watt  hours,  is  high. 

The  cold  cross-rolled,  low  carbon  steel  sheets  are  pressformed  as  cymbal  shaped 
"disc  springs”,  assembled  in  opposed  stacks  enclasping  the  aliminium  drive  plate  and 
spacer  hub,  and  when  pulled  up  by  the  tie  rod  and  gripped  by  the  stubshaft  radial 
transfer  concavities,  thus  prestresses  in  compression  the  critical  central  areas  of 
the  laminar  assemblages.  The  peripheral  nip  on  the  low  modulus  drive  plate  ensures 
low  centrifugal  stress  at  the  hub  driving  concentrarions.  The  Inverted  stub-shaft 
journals  co’unter  normal  production  imbalance,  have  considerable  effect  on  bearing 
power  loss,  noise  and  life  expectancy,  and  like  the  support  thrust  bearing,  are 
hydrostatic.  The  miniature  vacuunv/scavenge  pump  is  hydraulic  gear-motor  driven, 
the  casings  are  radially  pleated  to  provide  a  baffled  drainage  sump,  to  increase 
thermal  transfer  area,  and  to  reduce  differential  pressure  deflection.  The  vacuum- 
stripped  lubricant  has  a  dissolved  Helium  residuiom. 


PREFACE 

The  history  of  flywheels  and  their 
usage  up  to  I965  has  been  embracingly 
covered  in  imr  SAE  paper*  of  that  year. 
Until  then,  nigher  energy  flywheels 
were  forged  weld- fabricated  or  cast, 
but  we  would  no  longer  categorise  these 
as  high-energy. 

Feasibility  studies  then  had  shown 
that  the  promise  of  highest  energy  per 
poimd  of  flywheel  weight  lay  with  light 
weight  filamentary  constructions  but  a 
large  part  of  this  advantage  would  be 
lost  to  the  larger  and  stiffen  casing 
demanded  by  the  greater  bulk,  and  to  the 
higher  gear  reduction  to  compensate  for 
the  increased  speed.  Also  there  appeared 
at  the  time  to  be  a  seemingly  intractable 
problem  at  the  driving  transition  between 
flywheel  and  supporting  shaft;  not  to 
mention  the  cost  aspect. 

In  the  circTimstances  we  decided 
to  research  ways  of  utilising  the 
capabilities  of  steel  more  efficiently 
and  in  doing  so  conceived  the  pressed 
laminar  construction  with  compressive 
prestress  to  bring  the  critical  stress 


areas  to  an  initial  state  of  compression. 

We  also  discovered  that  the  fatigue  range 
and  integrity  of  the  steel  sheets  could 
be  advantaged  by  cold  reduction  and 
cold- work  forming  and  that  for tuitions ly 
one  of  the  lowest  cost  grades  of  steel 
was  most  responsive  to  this  treatment. 

FLYWHEEL  DEVELOPMENT 

Based  on  a  long  term  background  of 
unitary  steel  flywheels,  extending  from 
the  war  years,  development  of  a  laminated 
flywheel  to  the  prestress  theory  progressed 
relatively  quickly  in  the  five  defined 
areas  : 

(a)  lamina  contouring  for  optimised 
prestress  gradient  compromised  to 
cold  press  forming  and  assembly 
stacking. 

(b)  application  of  prestress  without 
unaccounted  stress  concentrations 

(c)  transmitting  torque  to  and  from  the 
laminations  without  stress 
c  one  entrati  on. 
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(d)  stability  of  the  stacked  assembly  to 
limiting  thickness/diameter  ratios 
related  to  laminar  vibration,  gross 
out-of-balance,  precession  and 
joximal  vibrations 

(e)  optimising  material  specifications, 
production  forming  and  stacking  of 
lamina.tions,  and  assembly  and 
balancing  of  complete  flywheels* 

PRINCIPLES  OF  CONSTRUCTION 

Normally,  even  a  pin-hole  at  the 
center  of  a  disc  has  a  quite 
disproportionate  effect  on  centrifugal 
stress,  worsening  progressively  with 
increasing  hole  diameter.  Yet  a 
built-up  construction,  other  than  a 
fully  adhesive  structure,  demands 
accommodation  of  at  least  a  thru  tie. 

As  the  centrifugal  tensile  stress 
approaching  the  center  of  a  laminar  disc 
is  approximately  twice  that  at  the 
periphery,  whereas  the  deflection  stress 
of  an  obtuse  conical  thin  disc  is 
highly  compressive  near  the  centre, 
balanced  by  mild  tension  at  the 
periphery,  at  approximately  8:-l  ratio, 
this  forms  the  basis  of  our  prestress 
with  opposed  stacks  of  conical  laminae 
contra- loaded  by  a  tie-rod  of  minimum 
diameter,  as  Pig.  1. 


ACCOMODATING  THE  »SPim)LE» : 

To  limit  the  applied  preload,  an 
interstack  axial  spacer  is  required,  and 
to  distribute  the  load  application 
demands  a  concave  "collar"  matching  the 
external  convexity  of  the  two  outermost 
laminae,  the  "collars"  being  adapted 
as  stub-shafts  for  supporting  and 
locating  the  flywheel  and  effectively 
providing  a  btiilt-up  spindle. 

LAMINAR  STRESS  DISTRIBUTION: 

Both  to  offset  the  concentration 
of  stress  aroind  the  central  tie-rod 
hole  and  to  provide  positive  centering 
of  each  stack  of  laminae,  the  central 
area  of  each  lamina  is  formed  to  a 
very  much  more  acute  cone  angle 
(oa.  110®  incl.)  than  the  obtuse  cone 
angle  (ca.  I780  incl.)  of  main  area 
of  the  disc  Pig.  2. 


FOR  prestressed  flywheel 
FiG.  t 


PReSTRESS  TIE  “ROD 


STACKtP  STtElU  LAMINAE 


UIGHT  ALLOY  DRIVE  PLATES 


PRESTRESSED  WAMINATtD  fUYWHECt 

FIO.  \ 
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The  tierod-load  distributing 
concavity  of  each  stub-shaft  matches  the 
acute  conical  area  of  the  laminae  very 
closely  both  in  diameter  and  inclusive 
angle,  as  does  the  double- convexity  of 
the  inter-stack  spacer,  but  their 
inclusive  angle  is  fractionally  greater 
and  the  spacer  is  short  of  the  unloaded 
stacks  by  a  predetermined  gap  which, 
when  closed  by  the  tie-rod  load,  limits 
the  compressive  prestress  of  the 
undamped  inner  area  to  the  desired 
figure.  Any  centrifugal  loading  must 
firsijieutralise  this  compression  stress 
before  going  tensile  to  a  fatigue-safe 
tensile  limit. 

The  slight  angular  mismatch  of  the 
Acute  conical  clamped  area  further 
increases  prestress  approaching  the 
tie-rod  hole  and  under  centrifugal 
conditions  there  is  considerable 
shedding  of  the  radial/tangential  loads 
to  the  reinforced  stub- shaft  collar  such 
that  critical  tensile  stresses  around 
the  hole  are  alleviated. 

TRANSMITTING  DRIVE  TORQUE 

On  the  face  of  it,  the  conical 
clamping  to  the  stub- shaft  should  allow 
transmission  of  substantial  inertia 
driving  torque  between  the  laminae  and 
driving  stub,  especially  if  the  laminae 
are  appropriately  spray  bonded  during 
assembly.  However,  a  mathematical 
analysis  shows  that  such  torque 
transmission  is  very  limited  and  any 
initiation  of  slip  could  disastrously 
affect  balance  and  rigidity.  Of  course, 
any  attempt  to  positively  couple  the 
clamped  centres  would  generate  stress 
concentrations  as  would  negate  the 
prestress  inter-relationships. 

As  the  greater  inertia  of  the 
stacked  laminae  is  effective  at  the 
periphery,  and  as  the  powerful  deflection 
loading  of  the  opposed  stacks  also 
interact  at  the  periphery,  by  leaving 
the  near-periphery  of  the  laminae  flat 
when  press-forming,  a  driving  plate  can 
be  securely  clutched  between  the  stacks 
at  such  a  great  torque  radius  that  the 
possibility  of  slippage  is  non-existent. 
But  at  its  centre  the  driving  plate 
would  have  to  be  seciirely  fixed  to  the 
clamping  spacer  which  in  turn  must  be 


torsionally  located  within  the  stub- 
cl.amped  assemblage. 

Unfortijnately,  such  a  drive  plate, 
if  formed  from  steel  sheet  would  be 
critically  over-stressed  at  its  drive 
centre.  However,  an  aluminium  alloy 
plate  constrained  to  the  same  radial 
centrifugal  strain  expansion  at  its 
periphery  as  the  steel  laminae,  will 
due  to  its  very  low  Young’s  modulus 
be  subject  to  a  compressive  rather  than 
a  tensile  stress  radially  inwards  of 
the  clutched  periphery,  this  compression 
reducing  inwards  to  a  nodal  pitch  circle 
which  becomes  the  effective  diameter 
for  centrifugal  stressing  of  the  drive 
pfate'.--'  This  stressing  is  of  course 
further  minimised  by  the  low  specific 
weight  of  the  aluminium  alloy,  such 
that  liberties  may  be  taken  with  the 
stress  concentrations  engendered  by  a 
secure  driving  connection  to  the 
clamping  spacer. 

At  very  high  centrifugal  loadings 
a  single  flat  light  alloy  drive  plate 
might  be  sxibject  to  compression  buckling 
inwards  of  its  periphery  or  radial 
creep  of  the  clx’-tched  periphery,  but 
this  can  be  alleviated  either  by 
pressing  wave  rings  aroiond  the 
compression  area  or  by  substituting 
slightly  dished  twin  drive  plates  of 
lighter  gauge. 

The  clamping  spacer,  which  has 
now  become  a  drive  hub,  Hnist  be 
torsionally  located  to  the  driving  stub- 
shaft  so  that  any  incidental  application 
of  torque  in  excess  of  operational 
limits  will  not  easily  cause  drive-hub 
slippage. 

LAMINAR  STRESSES  AND  FATIGUE 

Actual  laminar  stress  is 
engendered  by  the  interaction  of  centri¬ 
fugal  (centripetal)  forces  with  the 
assembly  pre-stress.  Fatigue  is 
affected  by  integration  of  changes  of 
tensile  stress  above  the  limit  for 
infinite  fatigue  life  and  the  number 
of  times  such  changes  occur.  In  a 
non-pre stressed  flywheel  the  greatest 
incidence  of  fatigue  is  that  due  to  the 
flywheel  running  down  to  a  standstill 
and  subsequently  accelerated  back  to 
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maximiim  operationa.1  speed*  The  energy 
differentials  of  normal  operation  will 
make  a  much  smaller  contribution  to  the 
total  fatigue  summation. 

In  a  prestressed  laminated  flywheel , 
as  the  cent*»"al  areas  which  subject 
to  the  greatest  rate  of  change  of  stress 
will  only  be  in  fatigue  effect  when  the 
rotation  speed  is  exceeded  beyond  which 
centrifugal  forces  cancel  the  compressive 
prestress  and  exert  themselves  in 
tensile,  only  the  peripheral  area  is 
subject  to  change  of  tensile  stress  over 
the  entire  speed  range  down  to  and 
upwards  from  standstill,  and  this  at  a 
low  rate  of  change,  unreversed  and 
covering  only  a  portion  of  the  overall 
tensile  stress.  Consequently,  as  a 
general  rule,  the  rim  down  cycles  can 
be  neglected  and  the  fatigue  stress 
taken  as  effective  only  in  operational 
differential  energy  cycling,  the  mean 
differential  depth  of  each  application 
determining  the  prestress  necessary  to 
effect  fatigue  balance  between  centre 
and  periphery. 

It  is  usual  for  flywheels  to  be 
used  operationally  in  the  upper  two- 
thirds,  of  their  speed  range,  so 
utilising  eight-ninths  of  their  energy 
capacity.  But  in  most  applications  the 
cycling  mean  is  only  ^Ofo  of  this,  the 
other  50^  being  reserved  to  cater  for 
the  less  usual  incidental  demands. 

It  is  generally  considered 
appropriate  to  stress  for  infinite 
fatigue,  but  there  will  be  applications 
where  advantage  can  be  taken  of  a  low 
operational  cycle  count  or  a  short  life 
requirement  by  using  very  high  tensile 
alloys  (possibly  of  higher  density) 
despite  known  deficiency  in  fatigue 
limits.  However,  it  has  been  found  that 
a  low-cost  low  carbon  steel  (EN  2D/e) 
cold  worked  in  finish  rolling  and  press 
forming  to  around  116,000  Ibf/sq.in. 
effective  (l25tOOO  max#)  can  have  a 
fully  reversed  fatigue  limit  of  60,000 
Ibf/sq.in#,  better  than  most  of  the  more 
costly  high  alloys  and,  due  to  the  very 
low  scatter  in  the  formed  laminae,  safe 
at  i  47,000  Ibf/sq.in. 

Eor  highey  specific  energies  at 
infinite  life,  high-fatigue  stainless 
steel  (FV  520s)  laminae  can  safely  be 


stressed  at  i  80,000  ibf/sq.in. 
equivalent  to  I6  Watt-hours  per  pound, 
as  against  9  Vh/lb  for  the  cold  worked 
mild  steel.  Some  later  modern  steel 
formulations,  which  have  not  yet  been 
assessed  at  infinite  life,  offer  even 
higher  specific  energies;  and  for 
finite  limited  life  applications  can 
give  up  to  50  Wh/lb  without  excessive 
drive  speeds  and  with  low  specific 
bulk. 

STRESS  METHOD 


For  static  pres tress  calculation 
we  neglect  the  Alraen-Laszlo^  method  as,, 
for  reasons  later  discussed,  our  chosen 
laminar  thickness/diameter  ratio  will 
be  negligibly  minimal;  but  Hertzer*s3 
method  is  interesting  in  that  it  is 
concerned  with  the  tensile  fatigue  aspect 
of  the  inner  concave  face  resulting  from 
deflection  (our  prestress),  a  condition 
only  applying  to  our  laminae  at  high 
centrifugal  forces. 


Although  our  prestress  calcul¬ 
ations  are  simplified  by  neglect  of  the 
stress  differential  between  concave  and 
convex  faces  of  the  laminae,  they  are 
complicated  by  the  fact  that  deflection 
from  static  height  is  limited  to  the 
gently  dished  medial  area,  but  the 
radial/tengential  forces  generated  by 
deflection  (Pig.  3)  are  accommodated 
additionally  in  the  flat  peripheral 
and  the  steeraply  coned  central  areas, 
the  latter  itself  being  subject  to  its 
own  minimal  clamped  deflection  and 
compressive  load,  and  the  former  also 
sometimes  being  formed  with  a  minimal 
dish  so  as  to  bear  flat  when  subjected 
to  the  main  deflection  load. 
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DIMENSIONAL  R]jILATIONSHIPS 


Figure  2  shows  typical  dimensional 
relationships  of  a  lamina,  the  frustro- 
conical  height  (h)  being  a  compromise 
between  the  shallow  height  advisable  to 
prevent  tie-rod  overstress  at  maximum 
laminar  stacking  and/or  maxim-um  laminar 
thickness  (t#  max. ), and  the  depth 
appropriate  to  ensuring  adequate  drive- 
plate  peripheral  nip  and  to  obviate 
peripheral  wave  vibrations  at  minimum 
stacking. 

PERIPHERAL  DYNAMIC  VIBRATIONS 


A  single  lamina  or  an  opposed  pair 
of  laminae  at  high  rotational  speed 
develop  a  peripheral  wave  the  amplitude 
of  which  increases  with  rotational 
speed,  decreases  with  peripheral  tension 
and  also  decrease  inversely  as  the  cube 
of  laminar  thickness,  as  has  been  shown 
reference  Timoshenko^,  Lamb5,  Southwell^ 
and  Sandor/Broniarek*^.  The  Peripheral 
pre-tension  of  conically  prestressed 
laminae  therefore  has  some  slight  effect 
in  delaying  the  onset  and  reducing  the 
amplitude  of  peripheral  vibration,  but 
the  effect  of  multiple  stacking  not  only 
provides  a  stiffening  inter-reinforcement 
but  more  importantly  affords  inter¬ 
laminar  frictional  damping  or  viscous- 
bond  shear  damping  which  effectively 
prevent  the  wave-form  from  developing 
to  significant  proportions  at  stacking 
levels  above  the  currently  accepted 
minimum  of  nine  laminations  in  each 
demi- stack. 


FLYWHEEL  STABILITY 


The  structxiral  stability  of  built 
up  assemblies  is  always  open  to  question, 
especially  where  they  may  be  subjected 
to  out-of-balance  or  elastic  vibrations. 

The  prestressed  laminated  flywheel 
assembly  owes  its  structural  stability 
to  two  qiiite  separate  sets  of  forces, 
the  laminar  deflection  loads  counter- 
reacting  at  a  large  base-circle  diameter, 
and  the  clamping  loads  active  over  the 
much  smaller  diameter  of  the  stub-shaft 
clamping  flanges  but  enjoying  a 
stabilising  a\igmentation  from  their 
deep-cone  pressure  angle. 


At  very  high  speeds  the  tendency 
towards  "flattening**  of  the  laminae 
reduces  the  wide-based  counter-reactive 
loads.  This  is  not  sufficient  to  affect 
the  EN  2D  laminations  seriously  but  must 
be  taken  into  account  in  determining 
the  additional  prestress  to  be  applied 
to  FV'.520(s)  or  other  highly  stressed 
laminae ,  especially  vdiere  the  maximum 
stacking  limitation  is  approached, 
increasing  the  cumulative  deflection 
load  applied  by  the  centre  tie-rod  whose 
stress  may  become  critical  unless  laminar 
thickness  is  reduced. 

The  conically  clamped  central  area 
is  directly  affected  by  rotational  speed 
only  to  the  extent  that  the  centripetal 
radial/tangential  forces  shed  from  the 
laminations  to  the  coned  stub- flange 
may  strain  the  flange  rim  stLfficiently 
to  reduce  clamping  nip  at  the  flange 
periphery:  but  again  this  applies  more 
to  high- stress  laminations  than  to  EN  2D 
except  at  maximum  stacking.  However, 
the  greater  effective  length  between 
stub- flanges  at  maximum  stacking  affects 
stability  in  whirling  (radial) 
deflection  much  more,  varying  as  the 
cube  of  length  in  relation  to  the 
relatively  small  effective  moment  of 
inertia  of  the  central  clamped  area. 

FLYWHEEL  FAILURE  MODES 


Flywheel  failure  will  be  due  to 
one  of  two  possible  causes,  an  over¬ 
stressed  tie-rod  or  laminar  crack 
propagation..  Of  these  the  former  is 
less  predictable,  in  absolute  terms,  as 
to  the  wav  its  effects  will  act,  but 
the  bump/yump  axial  counterthrust  would 
still  maintain  an  overall  hydraulic 
clamping  force  on  a  basically  self¬ 
centring  melange,  and  the  relief  of 
prestress  would,  at  the  more  critical 
high  speeds,  be  to  some  extent  offset 
by  centrifugal  deflection  of  the  laminae 
in  the  same  sense  as  the  original 
prestress. 

Laminar  failure,  other  than  due 
to  a  flawed  lamination  escaping 
inspection  will  always  commence  with  one 
of  the  outermost  laminae. 

The  energy  possessed  by  the  largest 
likely  detaching  segment  would  suffice 


171 


at  worst  to  pxmcture  the  casing  without 
possibility  of  escaping,  but  the  collapsed 
vacuum  environment  would  have  immediate 
effect  to  slow  the  flywheel  rapidly  to 
below  sonic  peripherical  speed,  more  than 
halving  centripe tally  induced  stresses# 

The  out-of -balance  effect  on  the  flywheel 
woifLd  also  act  to  increase  retarding 
drag.  As  a  result  the  possibility  of  a 
catastrophic  failure  is  negligible. 

For  some  applications  added 
assiirance  may  be  provided  by  adopting  a 
higher  fatigue  material  for  the  outermost 
laminations  of  each  demi- stack. 

MATERIALS  AND  FORKING  METEODS 

The  preferred  and  most  cost- 
effective  material  for  lamination  is 
EN  2D  low-carbon  steel  work  hardened 
by  cold  roll  finishing  in  the  strip  mill 
to  215  Brinell  (100,000  Ibf/sq.in)  max., 
cut  square  and  cross  rolled  in  a 
reversing  mill  50^  total  reduction 
to  gauge  size  at  240  Brinell  (110,000 
Ibf/sq.in.)  max.,  centre-spot  flame 
softened  before  blank-holder  centre-punch 
pressed  to  form  raising  the  near-oentre 
worked  area  to  250  Brinell  (ll6,000 
Ibf/sq.in.)  max.  An  upstroking  press  is 
preferred  as  this  allows  the  formed 
lamina  to  be  slid  on  to  a  ball-ended 
transfer  finger  contacting  only  the  centre 
hole  so  that  a  striker  will  produce  a 
true  ringing  note  if  the  lamina  is 
without  flaw.  Although  not  entirely 
comparable,  the  fully  documented  work 
of  Frost  shows  the  very  considerable 
effect  of  compressive  (axial)  and 
torsional  cold  working  prestrain' on  the 
fatigue  limit  of  En2C  stressed  in 
identical  direction  to  prestrain, as 
shown  on  Fig.  4*  Also  shown  is  the 
result  of  later  work  by  Fox,  Cartwright 
and  Boxall  of  British  Iron  and  Steel 
Research  Association,  where  En2B  strip 
has  been  rolled/compressed  of 
thickness  before  stressing  in  the 
orthogonal  plane,  producing  a  higher 
fatigue  limit  and  greatly  reduced 
tendency  to  crack  propagation. 


REVERSALS 

s/n  curves  rOR  cold-  rolled  mild  steels 
FIG.  4 


For  higher  energies,  Firth-Vickers 
high  fatigue  stainless  F.V.  520  (s) 

Steel  in  the  Overaged  620  C  condition 
exhibits  the  unusual  characteristic  that 
the  fatigue  limit  (Fig.  5)  coincides 
with  the  limit  of  proportionality  and 
it's  iinaffected  by  any  reasonable 
prehistory  of  excessive  transgression, 
as  may  occxir  in  the  forming  process. 
Although  a  considerable  programme  of 
explosive  forming  research  was  undertaken, 
it  was  not  then  practicable  to  assess 
possible  damage  to  the  fatigue  character¬ 
istic  due  to  shock,  as  has  since  been 
done  for  cold  worked  En2D  which  has  been 
found  to  suffer  quite  severely  as  had 
been  postulated.  F.V. 520  (S)  is  also 
less  critical  of  the  vagaries  of 
powerspin  forming  than  is  En2D  which 
latter  would  therefore  appear  to  be  at  a 
lesser  advantage  for  diameters  beyond 
press-forming  capability. 


&/N  curves  for  FV  520  Ht-fATi&UE  STCELS 

FIG.  5 


flywheel  ancillaries 

Likewise,  development  of  the 
flywheel  containment,  bearings  and  other 
ambient  conditions,  from  that  used 
successfully  in  earlier  forged  flywheel 
applications,  was  concurrently  rethought 
in  six  areas  which  might  directly  or 
indirectly  affect  basic  flywheel 
development  ; 

(a)  casings  stiffness  and  casting  dies 

(b)  inner  sheet-metal  close- shrouding 
and  sump- shield  to  reduce  kinetic 
losses  to  lubricant  and  residual 
atmosphere 

(c)  hydraulic  powered  modular  vacuun/ 
scavenge  mini-pump  drawing  down 
to  low  torr 

(d)  hydrostatic  support  thrust  and 
inverted  journal  bearing  to 
minimise  bearing  vibration  losses 

(e)  input/output  drive  to  the  flywheel 
by  gearing  ”invacuuo**  despite 

the  difficult  lubrication 
conditions 

(f)  a  fully  hermetic  zero-ullage 
inclusive  system  permitting 
expansion  of  the  pressurised 
’’vacuum-stripped”  working  fluid 

An  exemplary  arrangement  of  a 
hydro-kinetic  accumulator  Fig.  6  provides 
reference  for  discussion  of  these  facets 
which  are  covered  fully  in  my  other 
paper9  presented  in  another  session 
area. 

FLYWHEEL  COiyiPONENTS  AEL  ASSEMBLY 

As  earlier  mentioned,  the 
prestressed  laminar  flywheel  is  a  built- 
up  assembly  comprising,  apart  from  the 
opposed  laminar  stacks,  a  drive-plate, 
centre  spacer,  stub-shafts  and  nutted 
tie-rod#  It  is  scmetimes  advantageous 
to  fill  the  inner  voids  of  the  flywheel 
with  shaped  cellular  plastic  elements 
as  the  air  otherwise  entrapped  during 
assembly  may  later  leak  into  the  vacuum 
environment,  upsetting  the  hermetic 
balance. 


DRIVE  PLATE(S) 

Rather  than  a  single  Aliiminium 
alloy  plate  which  can  cause  problems, 
we  prefer  to  use  twin  lighter  gauge 
driving  plates,  slightly  coned  and 
pre- indented  for  ball-indent  drive  which 
has  proved  far  superior  to  peg-hole 
drives  when  subjected  to  reversing 
overloads. 

CENTRE  SPACER 

The  3-piece  construction  adopted 
to  accommodate  the  ball-indent  drive 
will  be  no  more  costly  to  produce  than 
a  one-piece  peg-hole  drive  hub  if  the 
shoulder  spigots  are  eliminated  by 
pre- broaching  the  centre  element  and  by 
use  of  a  sophisticated  assembly  jig. 

Also  a  Loctite  fit  of  the  coaxial 
convexed  elements  on  the  tie-rod  spindle 
makes  for  a  more  rigid  flywheel  assembly. 

STUB  SHAFTS 

Each  stub- shaft  fulfils  four 
functions.  Firstly,  the  concave  flange 
serves  as  the  external  clamping  surface 
locating  a  laminar  stack.  Secondly,  the 
stiffened  flange  periphery  accepts  the 
transferred  radial  component  of 
centripetal  forces  acting  on  the  laminar 
stack.  Thirdly,  the  cupped  outer  end 
of  the  stub  serves  as  the  rotating 
outer  race  of  an  inverted  journal 
bearing  locating  the  flywheel  axis.  The 
fourth  function  is  different  for  lower 
and  upper  stub-shafts,  the  lower  cup-lip 
supporting  the  vertical-axis  flywheel 
on  a  foot-step  bearing,  whereas  the 
upper  stub-cup  carries  the  drive- 
transmitting  gear. 

TIE  ROD 

Splined  for  torsional  location 
of  the  drive-hub  and  stub- shafts,  the 
tie-rod  can  be  very  highly  stressed  in 
tension  as  it  is  not  fatigue  conscious 
in  this  aspect  but  it  must  be  fully 
creep  resistant. 

For  very  high  energies,  the  F.V. 
520(S)  laminar  stacks  will  be  plain 
broached  at  full  deflection  to  a  close 
fit  on  the  tie-rod,  as  will  the  clamping 
members,  with  liberal  use  of  anaerobic 
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Loctite  at  assembly.  For  some  applic¬ 
ations  the  splining  may  be  deleted  in  a 
fully  adhesive  assembly,  but  the 
transmitted  torque  must  be  strictly 
limited. 

FLYWHEEL  BEARINGS 

The  high  running  speed,  and 
precession  forces  due  to  vehicle  move¬ 
ment,  did  not  prove  to  be  the  most 
significant  bearing  problems;  rather 
those  due  to  excess  lubrication  and  to 
flywheel  out-of-balance  effects.  The 
lubrication  problem  could  have  been 
handled  by  a  special  high-angle-contact 
ball  footstep  bearing  combining  journal 
and  thrust  support,  but  the  out-of¬ 
balance  precession  caused  the  bearing 
load  to  advance  around  the  running 
clearance  of  the  outer  race,  whether 
this  was  static  as  in  the  case  of  the 
footstep  bearing  or  rotating  at  equal 
speed  as  was  the  upper  pilot  bush  in 
the  clutchable  bevel-drive  pinion, 
which  suffered  more  when  clutched  than 
when  running  free  in  a  static  pinion 
bush. 

INVERTED  JOURNALS 

At  high  running  speeds  the 
vibration  precessions  transmute 
considerable  amounts  of  energy  into 
noise  and  heat  however  ^perfect"  the 
balance  and  however  close  the  original 
running  clearance. 

A  stuidy  of  the  forces  involved 
showed  that  the  out-of-balance  precessioi 
effect  could  effectively  be  nullified 
df  the  bearing  configuration  were 
inverted;  that  is,  the  outer  race  or 
bush  revolved,  with  the  flywheel, 
about  the  fixed  journal  pin  locating 
the  force  reactions.  A  roller  journal 
was  ruled  out  by  lubrication  problems 
and  a  ball  bearing  generated  and 
transmitted  too  much  noise,  even  when 
mounted  in  resilient  sleeves. 

HYDRODYNAMIC  BEARINGS 

Although  solving  the  noise 
problem,  hydro-dynamic  journal  bearings 
were  subject  to^ shear-drag  losses  which 
appeared  to  be  quite  intractable  even  in 
the  inverted  configuration  with  its 
mildly  regressive  load  angle*  There 


appeared  to  be  no  *’right*^  position  to 
introduce  the  lubricant  as  the  dynamic 
pressure  wedge  kept  moving  around  and 
pumping  back  with  drastic  collapse. 

RHEQDYNAMIC  JOURNALS 

The  application  of  hydrostatic 
pressure  areas  to  the  static  stub  ”pin** 
of  the  inverted  journal  at  least  gave 
predictable  and  reliable  results,  with 
even  lower  noise  transmission.  But  at 
efficient  ” leakage”  flows  the  shear- 
drag  loss  was  higher  than  was  accept¬ 
able  for  a  ’’total  energy”  system. 

Two  avenues  of  shear  reduction 
were  explored.  First,  as  shear  drag 
varied  proportionally  with  differential 
surface  speed,  a  half-speed  floating 
bush  carrying  subjoined  pressure  areas 
on  its  outer  surface  was  found  to  halve 
the  drag.  Secondly,  boimdary  land 
clearances  were  tailored  inversely  to 
the  pressure  differentials  across  them 
and  this  had  a  dramatic  effect  on  the 
shear  drag,  though  with  more 
deterioration  of  frequency  response 
’’stiffness”  than  would  have  been 
acceptable  at  the  highest  running  speed. 
However  this  was  easily  corrected  by 
retail oring  the  clearance  inverse 
function. 

Eventually  both  ploys  were  used 
in  combination  to  good  effect;  and 
even  the  incorporation  of  both  sets  of 
pressure  areas  within  and  without  the 
annular  floating  sleeve  appears  to  make 
only  a  very  small  and  quite  acceptable 
difference  to  the  response  definition. 

RHEQDYNAMIC  FOOTSTEP  SUPPORT 

A  flat  annular  hydrostatic 
pressure  area  bounded  by  inner  and  outer 
lands  provides  a  simple  and  effective 
supporting  thrust  bearing,  with  adequate 
response  to  high  vehicle  hump  acceler¬ 
ation  but  lacking  stability  in  rebound 
or  zero-G  yump  conditions. 

As  a  counteracting  thrust  of 
similar  construction  acting  from  above 
the  flywheel  unit  is  impracticable  for 
a  number  of  reasons,  a  non-dimensional 
hydraulic  thrust  equivalent  to 
approximately  5^^  of  flywheel  weight 
is  applied  to  stabilise  the  downf-load 
during  rebound  or  similar  conditions. 


174 


FOOTSTEP  THRUST  WASHER 

When  the  flywheel  is  going  out  of 
service  its  speed  will  run  down  to 
standstill*  But  before  it  runs  right 
down,  the  footstep  thrust  supporting 
pressure  will  have  reduced  below  the 
critical  mininrum  for  the  bearing  load, 
resulting  in  scored  bearing  faces*  To 
obviate  this  a  thrust  washer  is 
introduced  having  on  one  face  the 
annular  pocket  and  boundary  lands  for 
the  hydrostatic  support  pressure,  and 
on  the  other  face  Glacier  BX  anti¬ 
friction  facing  material  which  will 
provide  the  running  surface  at  the 
low-run  down  speeds*  It  also  has  a 
toothed  or  vaned  periphery  which  fulfils 
another  function  later  described* 

FLYDEAULIC  PARASITIC  EMERGY/LOSS. 

Until  magnetic  thrust  support  and 
journal  location  are  commercially 
feasible,  flywheel  ambience  must  be 
effected  by  a  vacuun^/scavenge  ancillary 
pump  with  an  energy- loss  penalty 
substantially  proportional  to  the 
through- flow  of  bearing  effluent* 
Nevertheless  this  becomes  a  secondary 
priority  in  comparison  with  bearing 
losses  related  to  lubricant  through- 
flow,  and  even  to  driving  gear 
lubrication  and  pump/motor  leakage. 

Taking  first  only  the  flywheel 
related  losses,  the  ancillary  pressure 
flow  required  to  "lubricate”  the 
hydrostatic  bearings  and  to  power  the 
vacuun^scavenge  pumping  are  related 
to  flywheel  size  and  weight  and 
therefore  a  constant,  whereas  the 
bearing  shear-drag  losses  vary  with 
speed,  as  do  the  windage  losses  unless 
these  are  maintained  low  enough  to  be 
neglected* 

RHEODYNAJCC  BEARING  LOSSES  (SUPPORT) 

Flxiid  film  shear  losses  of 
rheodynamic  thrust  support  bearings  are 
a  function  of  supported  weight,  bearing 
diameter,  responsive  land  ratio, 
pressure  drop  and  rotation  speed*  The 
pressure  drop  is  effectively  fixed  by 
the  designed  level  of  anoillaries 
pressure  in  absolute  units  (Pabs  -  520 
p.s*i*a*);  the  land  ratio  should  depend 


upon  the  application  vertical  acceler¬ 
ation  characteristic,  but  in  the 
interests  of  standardisation  we  work  at 
40^:  the  bearing  diameters  are  deter¬ 
mined,  the  inner  by  the  journal  pin 
(10^  of  flywheel  diameter;  see  below) 
and  the  outer  by  the  support  area  at 
80^  flotation,  1*5  g  vertical  bump 
acceleration  plus  0*5  Mg  ooxmter thrust, 
giving  an  area  equivalent  to  3*75  Mg/ 
Pabs,  at  a  pre-impedenced  normal  support 
pressure  of  0*5  Pabs  for  Mg  maximum  and 
higher  impedenoes  for  lower  flywheel 
weights  * 

Although  the  speed  factor  co^dd  be 
taken  at  the  mean  of  the  flywheel  ^il 
speed  range,  the  losses  are  more  critical 
at  maximum  storage  speed,  and  on  the 
above  basis  the  energy  loss  ftom  this 
bearing  sovirce  will  approximate  to 
0*455^  of  max*  energy* 

RHEQBYNAMIC  BEARING  LOSSES  (JOURNAL) 

The  3-pad  journal  bearings  (one 
above  and  one  below  the  flywheel)  are 
determined  sizewise  by  their  intercept 
distance,  by  the  allowable  out-of-balance 
of  production  flywheels,  by  the  operating 
speed,  and  by  upset  precession  forces. 

The  inverted  bearing  construction 
has  the  internal  bore  of  each  cupped 
flywheel  stubs- shaft  rotating  about  a 
fixed  journal  pin  through  the  inter¬ 
mediary  of  a  "half-speed”  bearing  sleeve 
in  which  are  formed  the  hydrostatic  pad 
recesses  fed  by  three  radial  holes  in 
the  journal  pin,  each  separately 
impedenced  from  the  ancillary  pressure 
source* 

This  system  is  not  ideal  as 
compared  with  pad  recesses  formed  around 
the  journal  pin  but  is  adequate  and  has 
production  advantages*  The  "half-speed” 
sleeve  effectively  halves  the  speed 
related  shear  drag  which  is  further 
redTici3f)g  by  increasing  the  clearances 
at  the  inter-pad  lands*  The  combined 
losses  of  the  upper  and  lower  journals 
at  maximum  storage  speed  approximate  to 
0*65^  of  gross  energy  for  shear  and 
leakage,  at  the  present  state  of 
development* 
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VACUUiyi/SCAYENGE  PIMPING  LOSS 

To  scavenge  the  bearing  leakages 
and  to  maintain  a  10-1  torr  vacuum 
requires  0*35?^  of  gross  which  added  to 
the  bearing  losses  gives  a  total  of 
1#45?^  of  gross  energy*  Therefore  a 
10  kWh  flywheel  would  require  0.145 
kW  to  keep  it  at  maximum  energy, 
exclusive  of  flywheel  windage  which, 
by  using  residual  Helium  in  a  cost- 
effective  level  of  vacuum  ambience, 
appears  to  be  negligible. 

FLYWHEEL  CASINGS  AND  ANCILLARIES 

The  flywheel  casings  carry  the 
flywheel  journal  and  support  bearing 
and  provide  an  enclosed  vacum 
environment  for  the  flywheel,  a 
drainage  sump  for  bearing  effluent  and 
pump  leakage  oil  awaiting  scavenge 
clearance,  a  location  for  the  drive 
gearing,  a  moxinting  face  for  the 
hydraulic  pump/motor,  and  finally  a 
bottom  to  the  oil  reservoir. 

THE  LOWER  (SIMP)  CASING; 

The  relatively  laj^ge  diameter 
exposes  the  evacuated  casings  to  a 
considerable  atmospheric  pressure 
loading,  necessitating  a  stiff 
construction  to  avoid  excessive  axial 
strain  deflection.  Early  casings  had 
radial  rib  reinforcements  but 
nevertheless  were  subject  to  excessive 
deflection  which  caused  problems.  A 
conical  formation  with  inward  projectirg 
deep  radial  folds  has  since  proved 
adequately  stiff,  reduced  the  internal 
cone  volume,  provided  anti-sTirge 
baffles  for  any  temporarily  unsoavenged 
sump  drainage,  and  increased  the 
external  direct  cooling  surface  area. 
This  axial  pressure/vacuum  loading 
provides  a  imifoamily  distributed  load 
at  the  joint- face  requiring  only  a 
circlip  for  its  location.  The  fixed 
journal  bearing  pin  carrier  and  the 
vacuum/scavenge  motor/pump  modular 
assembly  are  separately  inserted  in 
the  casings,  and  cast-in  galleries 
service  them  with  input  power  fluid 
and  scavenge  outlet. 

UPPER  (drive-side)  CASING 

The  upper  casing  also  serves  as 
the  bottom  of  the  pressurised  oil 


reseirvoir  and  will  require  to  be 
adequately  reinforced  against  collapse 
deflection.  It  carries  the  flywheel 
upper-bearing,  spigot  for  the  output/ 
input  pump/motor,  and  bearing  housings 
for  the  drive  gearing,  symmetrically 
disposed  to  accept  one  or  more  pump/motor 
units  to  allow  of  greater  power  output 
or  a  multi-plexed  circuit. 

Cast- in  galleries  service  the 
flywheel  upper  bearing  and  rebound 
stabiliser,  the  drive  gear  bearings, 
the  gear  tooth  retreating  spray,  and 
if  required  a  quill-driven  hydraulic 
speed-signal  generator  for  energy-level 
indication,  duplicatii^  that  incorporated 
in  the  hydraulic  pump/^otor. 

DRIP  AND  SURGE  SHIELDS 

As  waste  oil  from  the  flywheel 
upper  bearing  and  the  drive  gearing 
coming  into  contact  with  the  flywheel 
would  acquire  kinetic  energy  and 
dissipate  it  as  heat  to  the  outer  casing, 
a  light-gauge  pressed  sheet  drip  shield 
is  incorporated  to  deflect  such  waste 
oil,  as  well  as  the  pump/motor  internal 
leakage,  to  the  sump  scavenge. 

Another  shield  closely  surrounds 
the  flywheel  periphery  and  underface  and 
the  lower  stub-shaft  to  protect  against 
surge  of  any  unscavenged  oil  temporarily 
resident  in  the  sump,  despite  the  sump 
baffles.  It  also  shrouds  the  scavenge 
primer  intake. 

VACUUM  SCAVENGE  PUNIP  MODULE 

The  gear-motor  driven  vacuum/ 
scavenge/mini-pump  withdraws  the  sump 
oil  and  maintains  a  near  absolute 
vacuum  (10"“^  torr)  returning  the 
extravasation  to  the  hermetically 
pressurised  oil  reservoir.  It  is  of  the 
root-supercharged  helical  gear  type, 
oentrifugally  primed  by  the  vaned  thrust 
bearing  washer,  and  is  combined  with 
the  gear-motor  as  a  replaceable  modular 
insert  communicating  with  the  ancillary 
pressure  supply  and  reservoir  return 
galleries  in  the  flywheel  casing. 

WORKING  FLUID 

The  advisability  of  using  a 
vacuum- stripped  oil  has  been  mentioned 
earlier,  for  reasons  by  now  apparent. 
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However  other  aspects  of  the  oil 
specification  benefit  from  the  fully 
hermetic  system  with  no  requirement  for 
additives  directed  to  anti-foaming, 
anti- oxidation,  anti-acid,  anti- sludging, 
anti- thermal  cracking  and  other  **antis^*, 
but  a  measure  of  dissolved  Helium  and 
constancy  of  viscosity  index  between 
say  -  20^  to  +  70^  Centrigrade,  approxi¬ 
mating  to  45  mioro-reyns  at  60®C*  The 
residual  Helium  allows  of  a  cost- 
effective  level  of  vacuum  (ca  10“^  torr) 
without  fear  of  Hydrogen  embrittlement* 

FLYWHEEiyPUMP  COMECTING  HRITO 

Early  Flydraiilic  accumulator 
layouts  incorporated  a  disconnecting 
drive,  as  the  idle-ininnii^  drag  loss  of 
the  best  available  pump/motor  was  so 
excessive  that  the  stored  inertia  energy 
would  have  been  quickly  dissipated. 
However,  the  piamp/motor  researched  and 
developed  over  the  past  eight  years  has 
exhibited  such  an  extremely  low  idle- 
running  drag  loss  (excluding  the 
proprietary  miniature  gear  pump, 
temporarily  used  for  priming  the  controls, 
which  at  present  trebles  the  drag  loss) 
that  it  is  now  practicable  for  the  pump/ 
motor  to  be  direct  connected. 

However,  ” direct  connected**  to  a 
coaxially  disposed  pump/motor  would 
mean  speed-matching  a  fairly  big  flywheel 
to  a  rather  small  pump/motor  without 
alternative  unless  a  planetary  drive 
intervened. 

But  an  offset  gear  drive  offers 
several  important  advantages.  First  a 
substantial  reduction  in  overall 
(vertical)  height,  Secondly,  the  gearing 
ratio  is  easily  altered  to  match  any 
size  (or  speed)  flywheel  to  any  size 
(or  speed)  pump/motor.  Thirdly,  the 
flywheel  stub-shaft  gear  pinion  can 
drive,  not  just  the  one  but  up  to  five 
not  necessarily  identical  pumps 
separately  circuited  to  power  and  control 
a  number  of  individual  machines  or 
services  from  a  single  energy  storage 
source. 

The  pump/motor  shaft  is  connected 
to  the  driving  gear-wheel  by  a  sleeve 
quill  so  that  the  pump  shaft  can  bend 
qxiite  freely  without  affecting  the  drive 
geaoring. 


Gear  lubrication  is  by  cooling 
jets  spraying  the  gear  teeth  immediately 
post- engagement,  except  for  very  high 
peripheral  speeds  at  high  power  through¬ 
out,  when  near  total  fling  may  necessi¬ 
tate  a  finely  atomised  spray  of 
lubricant  to  the  pre- engagement  faces, 
proportioned  to  pump/motor  pressiare, 
as  there  will  be  no  floating  oil  mist 
in  the  vacuum  environment. 

FLYWHEEL  ENERGY  CAPACITY 

In  any  application  of  the  flywheel, 
possibly  the  prime  determinant  will  be 
energy  capacity  to  be  provided.  Almost 
certainly,  there  will  be  limitations 
in  one  or  more  directions  prescribed 
by  manufacturing,  assembly,  power 
transmission,  installation,  servicing, 
life  expectancy  or  for  a  dozen  other 
reasons. 

FLYWHEEL  SIZE  DETERMINATION 

Usually,  the  cyclic  energy 
differential  of  a  dynamic  system 
divided  by  the  power  transmission 
efficiency  plus  a  percentage  reserve 
according  to  application  establishes 
the  energy  capacity.  Thus  in  the  case 
of  a  motor  vehicle  the  cycle  to  be 
considered  is  acceleration  to  maximum 
or  operational  speed  and  subsequent 
retardation  to  standstill;  the 
efficiency  say  and  to  cater  for 

the  vehicle  potential  energy  gained 
or  lost  up  and  down  hills  and  inclines, 
say  1005^  reserve;  these  totalled  must 
be  equated  to  8/9ths  of  flywheel 
energy  capacity  as  the  flywheel  is 
operated  exclusively  in  the  upper 
two-thirds  of  its  speed  range. 
Installation  confines  will  determine 
thickness/diameter  ratio  in 
association  with  the  power  transmission 
ancillaries. 

PRESS-TOOL  PRESCRIEEl)  SIZE  RANGE: 

Press-formed  flywheel  laminations 
demand  a  costly  combination  press- tool 
which  would  suggest  a  diametrically 
stepped  range  of  flywheels,  each 
covering  a  wide  energy  range  by 
multi-stacking  variations,  though 
minimum  stacking  makes  inefficient 
use  of  the  common  components  such  as 
drive  plates,  stub-shafts  and  casings. 
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The  range  tentatively  prescribed  starts  Beyond  this  progression  would  be  by_12_ 

at  18  inches,  progressing  in  6  inch  inch  steps,  and  forming  by  power-spinning 

increments  to  48  inches  which  is  the  or  explosive  forming.^  Table  A  provides 

largest  diameter  presently  considered  a  guide  to  flywheel  size  factors, 

for  press- forming. 


Table  A,  Laminar  Flywheel  Range  -  Laminations  Formed  From  Low  Carbon  Steel 


Diam. 

Max.  Gauge 

Wei^t(lb) 
1"  Thick 

Drive 

Centre 

(lb) 

R.P.M. 

Max. 

kWh/l" 

Thick 

Centre 

kWh 

Stacked 

Laminar 

Thickness 

18" 

.040" 

72 

10 

21,000 

0.575 

0.0216 

0.75"/3.5 

24" 

.056" 

128 

25 

15,750 

1.02 

0.0384 

1.0"/5" 

30" 

.064" 

200 

45 

12,600 

1.60 

0.060 

1.25 "76.5 

36" 

.080" 

288 

80 

10,500 

2.3 

0.0865 

1.5"/7.5" 

42" 

.092" 

392 

126 

9,000 

3.13 

0.118 

1.75"/9" 

48" 

.104" 

512 

187 

7,875 

4.09 

0.154 

2"/l0" 

60" 

,128" 

800 

360 

6,300 

6.39 

0.240 

2.5"/l2.5 

72" 

.160" 

1152 

645 

5,250 

9.2 

0.345 

3"/l5" 

84" 

.192" 

1568 

1030 

4,500 

'  12.5 

0.47 

3.5"/l7.5 

96"' 

4212" 

2048 

1525 

3,940 

16.4 

0.628 

4"/20" 

108" 

.232" 

2592 

2100 

3,500 

20.7 

0.79 

4.5"/22.5 

120" 

.252" 

3200 

2820 

3,150 

25.6 

0.96 

5"/25" 

144" 

.324" 

4408 

4815 

2,625 

36.8 

1.38 

6"/30" 

168" 

.375" 

6272 

8000 

2,250 

50.0 

1.88 

711/35  " 

197" 

.433" 

8630 

11000 

1,920 

69.0 

2.59 

8.2"/41" 

NB  Gross  Wei^t  of  Accumulator  Assy,  (less  Pump  &  Oil)  =  Weight  of  Flwheel  + 
25  Laminae  (Cast  Iron  Casings)  or  +  10  Laminae  (A1.  Alloy  Casings). 

FV  520(s)  Laminations  will  run  35/6  Faster  and  Store  82^  More  Energy 
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FLYWHEEL  APPLICATIONS 

The  prime  application  envisaged  for 
this  project  has  always  been  related  to 
vehicle  propulsion  systems,  although 
this  has  not  prevented  us  from  studying 
other  application  areas,  some  in  quite 
considerable  detail. 

Even  before  o\ar  earlier  work  on  the 
Gyreacta  flywheel/mechanical  transmission, 
our  1949  studies  showed  that  the  optimum 
flywheel  power  transmission  should  be 
hydraulic,  except  that  we  could  nowhere 
find  a  suitable  pump/motor  complementary 
in  characteristics  to  the  flywheel. 
Consequent  to  the  19^3  SAE  paper, 
market  research  showed  the  need  for  a 
high  energy  hydraulic  accumulator  but 
we  still  could  not  find  a  pump/motor 
with  performance  and  control  character¬ 
istics  remotely  approaching  the  flywheel 
requirement . 

Further  market  research  in  I968 
showed  that  a  successful  hydrostatic 
automotive  transmission  would  demand  a 
pump/motor  and  control  system  very 
similar  in  overall  characteristic  to 
that  for  the  high-energy  accximulator; 
so  fxmdamental  study,  research  and 
development  programmes  were  instituted 
the  results  of  which  are  chronicled  in  a 
paper^O  presented  in  another  session 
of  this  symposium. 

The  union  of  the  developed  pump/motcr 
and  the  laminated  flywheel  as  a  high- 
energy  accumulator  is  covered  in  session 
papers  earlier  mentioned  and  illustrated 
as  Fig.  6. 
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ALPHA- CROSS -PLY  COMPOSITE  FLYWHEEL  DEVELOPMENT 


Burton  D.  Hatch 

Corporate  Research  §  Development 
General  Electric  Company 


ABSTRACT 


The  conceptual  developments,  design,  production  and  test  of  light¬ 
weight,  high  strength,  alpha-cross-ply  composite  disk  flywheels  for 
vehicular  applications  are  discussed.  The  test  results  of  a  13-inch 
diameter  preliminary  wheel  are  presented.  The  subsequent  design,  pro¬ 
duction  and  testing  of  a  30-inch  diameter  multiple  disk  flywheel  as  a 
production  prototype  is  then  presented  in  greater  detail  and  the  stress 
analyses  and  preliminary  test  results  are  discussed. 


(Paper  Not  Submitted) 
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ABSTRACT 

A  homogeneous  fiber  composite  flywheel  rim  has  a  radial  tensile  stress  distribution 
when  spinning  about  its  axis  of  cylindrical  symmetry.  A  circ-wound  rim  is  ideally  suited 
to  support  the  very  high  hoop  stresses,  but  it  can  only  support  very  low  radial  tensile 
stresses.  This  limits  the  allowable  rim  inside-to-outside  radius  ratio  so  that  the 
energy  stored  per  unit  volume  is  low.  It  would  be  desirable  to  have  relatively  thicker 
rims  with  no  radial  tensile  stresses  at  the  ultimate  design  speed  for  hoop  stress  failure. 
The  methods  for  calculating  the  prestress  produced  by  a  given  schedule  of  winding  ten¬ 
sions  are  given.  The  significant  parameters  to  be  controlled  in  the  fabrication  process 
are  presented.  Some  tension  schedules  for  balancing  the  radial  rotational  stress  in  rims 
of  a  specific  size  and  material  are  also  presented.  Experimental  development  of  pre¬ 
stress  conditions  in  small  scale  test  ring  demonstrates  the  capability  to  achieve  pre¬ 
stress  levels  that  can  effectively  eliminate  radial  tensile  stress  in  the  composite  thick 
rim.  Successful  experimental  development  led  to  the  fabrication  of  a  full  scale  pre¬ 
stressed  flywheel  rim  and  utilization  of  that  rim  in  the  Oak  Ridge  Y-12  Plant*  FY  1977 
flywheel  test  package. 


THICK  RIM  FLYWHEEL  ELEMENT 
COMPOSITE  FABRICATION 

Given  the  properties  of  fiber  com¬ 
posites,  the  most  ideal  flywheel  form  is 
the  thin  rim.  However,  the  amount  of 
energy  stored  in  a  thin  rim  is  low  even 
though  the  storage  efficiency  is  high. 
Therefore,  in  order  to  be  an  effective 
flywheel,  the  rim  must  be  relatively  thick 
(i.e.,  thick  enough  that  the  simplifying 
assumptions  on  stresses  and  energy  storage 
and  efficiency  do  not  apply). 

The  rim  flywheel  element  is  most 
naturally  fabricated  by  circ  winding  with 
a  continuous  fiber  composite.  This  type 
of  winding  is  very  simple  and  reproducible. 
The  highest  fiber  composite  properties  are 
in  the  hoop  direction  where  they  are  needed. 

FAILURE  MODE 

Because  the  rim  must  be  thick  to  be 
an  effective  flywheel  element,  the  trans¬ 
verse  properties  of  the  composite  also 
become  very  important.  In  the  homogeneous 
spinning  rim,  there  are  high  hoop  tensile 


stresses  and  also  radial  tensile  stresses 
produced.  The  rim  failure  is  likely  to  be 
in  the  mode  that  has  the  highest  stress 
fraction  of  the  respective  strengths.  The 
primary  objective  is  to  utilize  the  hoop 
properties  to  the  fullest.  If  a  radial 
delamination  occurs  before  hoop  failure, 
then  the  objective  is  not  met.  Based  on 
the  longitudinal  and  transverse  properties 
of  a  specific  composite  material,  an  over¬ 
all  rim  radius  ratio  can  be  determined 
which  should  produce  simultaneous  radial 
and  hoop  failure.  Unfortunately,  for  most 
of  the  popular  composites,  this  ratio  is 
too  high  to  form  an  effective  flywheel 
element.  Table  1  shows  some  of  the  cal¬ 
culated  radius  ratios. 

THICK  RIM  DESIGN  ALTERNATIVES 

Design  alternatives  must  be  estab¬ 
lished  if  the  rim  flywheel  element  is  to 
be  used  with  lower  radius  ratios  than  those 


*0perated  by  the  Union  Carbide  Corporation's 
Nuclear  Division  for  the  US  Department  of 
Energy. 
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Tabi«  1 

MINIMUM  RADIUS  RATIOS  FOR  SIMULTANEOUS  HOOP  AND 


RADIAL  i 

FAILURE 

IN  CIRC- 

-WOUND 

FLYWHEEL 

RIMS 

E  1  ast !  c 

Tsns 

i  Is 

F 1  b«r 

Modu I usCms 1 ^ 

StrenpfchCks! !) 

Radi  us 

Material® 

Hoop 

Rod i a  1 

Hoop 

Radio  1 

Rot  i  o 

Kav I ar- 49 

12.8 

0.8 

260 

1  .0 

0.91 

K«v  1  ar-’29 

8.5 

0.8 

260 

I  .0 

0.91 

S—Q 1  ass 

8.7 

3.3 

320 

3.0 

0.85 

E*~S  1  ass 

7.3 

2.8 

220 

3.0 

0.82 

°A I  1  composites  used  DER332/T403  epoxy  resin. 


shown  in  Table  1.  Some  alternatives  were 
conceived  when  it  became  apparent  that  our 
first  test  flywheel  would  fail  by  delami¬ 
nation,  and  these  are  reported  in  a  com¬ 
panion  paper  at  this  conference. ^  The 
alternatives  that  have  received  some  study 
are  illustrated  in  Fig.  1.  They  are  dead¬ 
weight  loading  of  the  inside  radius,  a 
bimodulus  rim  of  Kevlar- 29/ Kevlar-49  epoxy 
composites,  nested  rims  of  Kevlar-49/epoxy 
composite  with  individual  radius  ratios  of 
0.91,  and  a  ten-layer  prestressed  rim. 

One  of  the  most  significant  advantages  of 
the  prestressed  rim  is  that  the  flywheel 
operates  with  radial  compressive  stress, 
where  the  other  alternatives  all  have  some 
level  of  radial  tensile  stress. 


Fla.  1.  RIM  DESIGN  ALTERNATIVES  FOR  THE  BANDWRAP 
FLYWHEEL. 


THEORY  OF  PRESTRESSED  RIMS 

The  prestressed  rim  will  allow  lower 
radius  ratio  rims  to  be  utilized  in  fly¬ 
wheels  without  premature  delamination 
failure.  From  a  safety  standpoint,  the 
delamination  failure  mode  may  be  desirable 


if  it  does  not  precipitate  catastrophic 
failure.  If  this  mode  is  desired,  then 
the  design  may  be  adjusted  to  fail  by 
delamination  at  a  suitable  margin  prior  to 
hoop  failure.  This  may  be  accomplished  by 
building  in  the  prestress  just  needed  for 
the  flywheel  operating  speed  range. 

REQUIRED  PRESTRESS  DISTRIBUTIONS 

The  rotational  stresses  in  an  ortho¬ 
tropic  ring  are  illustrated  in  Fig.  2. 

These  curves  are  for  a  Kevlar-49/epoxy 
composite  of  0.75  radius  ratio.  This 
radius  ratio  is  lower  than  that  in  Table  1; 
and,  thus,  the  homogeneous  ring  with  no  . 
prestressing  would  fail  by  delamination  at 
a  low  speed. 


Fla.  2-  ROTATION  STRESSES  IN  AN  ORTHOTROPIC  RING 
CONSTRUCTED  OF  KEVLAR-49/EP0XY  COMPOSITE. 

The  amount  of  prestress  needed  is 
that  which  balances  the  radial  tensile 
.stress  at  the  desired  rotation  speed.  If 
the  desired  speed  is  the  point  of  hoop 
failure,  then  the  magnitude  is  equal  to 
the  radial  stress  minus  the  radial  tensile 
strength.  At  this  level,  there  is  simul¬ 
taneous  radial  and  hoop  failure.  The 
prestress  needed  to  produce  this  condition 
in  the  ring  of  Fig.  2  is  shown  in  Fig.  3. 
Also  .notice  that  the  hoop  stress  distri¬ 
bution  is  not  leveled  but  is  reversed 
with  the  highest  hoop  stresses  on  the 
outer  radius. 
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Radial  PoalHon^  R/R^^ 


correct  retained  tension  in  each  cured 
layer.  The  equations  given  by  Liu  and 
Chamis  for  the  final  stress  state  after 
cure  and  removal  from  the  mandrel  are: 

2sb^^c^‘^  f(b) 
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represents  the  radial  stress, 
Oq  the  hoop  stress, 


Flo.  3.  IDEAL  RADIAL  PRESTRESS  AND  THE  RESULTING 
TOTAL  RADIAL  AND  HOOP  STRESS  DISTRIBUTIONS. 


T(r)  the  winding  tension  as  a  function 
of  radius, 


PRESTRESSING  METHOD 

A  prestress  distribution  in  a  multi- 
region  cylindrical  pressure  vessel  is 
normally  accomplished  by  interference-fit 
assembling  of  a  set  of  thin  cylinders, 
with  the  magnitude  of  interference  for 
each  cylinder  determining  the  final  pre¬ 
stress  distribution.  This  approach  would 
be  difficult  to  carry  out  in  practice  with 
Kevlar-49/epoxy  cylinders. 


ip  the  radial  modulus  of  the  com¬ 
posite, 

ig  the  hoop  elastic  modulus  of  the 
composite, 

ip,  the  elastic  modulus  of  the  man¬ 
drel  material, 

1  the  mandrel  inside  radius. 


The  most  direct  control  on  prestress 
in  .fiber  composites  is  through  variation 
of  winding  tension.  A  theory  for  residual 
stress  control  or  elimination  by  programmed 
winding  tension  was  presented  by  Liu  and 
Chamis. 2  This  theory  assumed  that  the 
residual  stresses  were  directly  a  result 
of  winding  tension  alone  and  neglected 
other  variables.  In  the  normal  filament¬ 
winding  process,  the  other  variables  such 
as  resin  shrinkage,  resin  flow,  and  ortho¬ 
tropic  thermal  stresses  usually  dominate 
the  generation  of  residual  stresses. 
Furthermore,  a  significant  portion  of  the 
winding  tension  is  relaxed  almost  imme¬ 
diately  upon  application  to  the  winding 
surface.  Based  on  these  facts,  the  theory 
could  be  applied  if  the  ring  was  built  up 
by  winding  and  curing  thin  layers  and  using 
a  winding  tension  that  would  result  in  the 


b  the  mandrel  outside  radius, 

c  the  composite  outside  radius. 


r 

the  radial  coordinate. 

I'er 

the  composite  Poisson' 

s  ratio 

(ep/eg  for  applied  a^) 

,  and 

I'm 

the  mandrel  Poisson's 

ratio. 

addition: 

s  = 

(3) 

B  = 

9  9  f  (l-vim)*5  +(l+um)a  > 

(4) 

Ejb  -a^)  L 

J 

a  = 

s  -  Pep  -  B  , 
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6  =  s  +  ue^  +  B  ,  and  (6) 

ffy.)  =  P^T(p)dp 

^  X  ~Ts - 2?  (where  p  (7) 

Bp  +ab  represents  the 

radial  coordinate 
variable  of  in¬ 
tegration)  . 

These  equations  are  developed  assuming 
continuous  variation  of  control  variables, 
but  they  should  reasonably  approximate  the 
conditions  for  step  wise  changes. 

Another  approach  is  to  solve  the 
simultaneous  equations  generated  by  the 
interference-fit  assembly  where  the 
interference-fit  of  each  layer  is  pro¬ 
portional  to  the  retained  average  hoop 
tension  in  the  layer.  These  equations 
have  been  used  with  optimization  search 
methods  to  calculate  parameters  for  pre¬ 
stressed  multi -region  high  pressure 
cylindrical  vessels  in  the  pressure  ves¬ 
sel  industry. 

EXPERIMENTAL  DEVELOPMENT 

Although  the  theory  looks  well  devel¬ 
oped  and  straightforward,  it  remains  to  be 
proven  experimentally.  As  stated  before, 
the  prestress  produced  in  a  fiber  composite 
ring  is  a  function  of  several  process 
variables,  not  just  winding  tension.  The 
resin  flow  and  shrinkage  during  cure, 
orthotropic  thermal  stresses  if  a  heat 
curing  resin  is  used,  mandrel  stiffness, 
winding  speed,  and  tension  relaxation  are 
some  of  the  factors  affecting  the  resultant 
prestress. 

EXPERIMENTAL  APPROACH 

Rather  than  develop  a  theory  to  ac¬ 
count  for  all  these  variables,  an  experi¬ 
mental  approach  is  taken  here.  This 
approach  establishes  the  prestress  that 
exists  in  a  wound  and  cured  layer  as  a^ 
function  of  applied  winding  tension  while 
trying  to  hold  the  other  variables  rea¬ 
sonably  constant.  An  empirical  relation¬ 
ship  between  applied  winding  tension  and 
average  layer  prestress  is  obtained.  This 
relationship  can  be  used  with  the  theory 
of  Liu  and  Chamis  or  with  the  equations 
developed  for  multi region  cylindrical 
vessels^  to  determine  the  applied  winding 
tension  schedule  required  for  the  needed 
prestress. 


APPLIED  WINDING  TENSION  -  PRESTRESS 
RELATIONSHIP  ________ 


A  thin  steel  mandrel  was  instrumented 
with  strain  gages  for  measuring  the  ten¬ 
sion  relaxation  during  winding.  A  test_ 
winding  was  initiated,  and  mandrel  strains 
were  recorded  at  specific  thickness  incre¬ 
ments.  The  average  hoop  tension  versus 
wound  thickness  is  plotted  in  Fig.  4.  The 
tension  change  due  to  resin  cure  at  the 
final  wound  thickness  is  also  shown.  A 
series  of  6-inch  rings,  0.125  inch  thick, 
were  wound  at  five  different  tension 
levels.  The  materials  were  380-denier 
Kevlar-49  yarn  and  DER  332/T403  (100/43 
pbw)  epoxy  resin,  cured  at  room  temperature. 
The  mandrel  was  a  rigid  steel  disc.  The 
rings  were  strain  gaged  and  then  removed 
from  the  mandrel  to  measure  the  retained 
tension.  The  resulting  relation  is  pre¬ 
sented  in  Fig.  5. 


Fraction  of  th»  Tolol  Wound  Thlekn««« 

Fig,  4.  AVERAGE  HOOP  TENSION  IN  A  LAYER  BEING 
WOUND  WITH  KEVLAR-49/EP0XY  USING  380  DENIER 
YARN  AT  1000  gm.  WINDING  TENSION. 


Fig.  5.  RELATION  BETWEEN  THE  APPLIED  WINDING 
TENSION  AND  THE  RETAINED  TENSION  IN  WOUND  AND 
CURED  THIN  RINGS  OF  KEVLAR-49/EP0XY  COMPOSITE. 
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Several  test  layers  were  wound  and 
cured  on  an  instrumented  mandrel  to  check 
the  relation  in  Fig.  5.  Several  important 
factors  in  processing  were  discovered  in 
these  tests.  The  cylindrical  mandrel 
needed  to  be  free  from  edge  restraint  due 
to  the  side  plates  and  yet  stay  centered 
in  the  assembly.  This  was  accomplished 
by  bonding  rubber  sheeting  between  the 
mandrel  and  side  plates.  There  was  also 
restraint  of  the  composite  layer  edges 
because  there  was  some  bonding  to  the  side 
plates  even  though  they  were  coated  with 
a  mold  release.  This  was  solved  by  ap¬ 
plying  Teflon  sheeting  to  the  side  plate 
faces.  These  factors  help  assure  a  uni¬ 
form  prestress  across  the  layer  width. 

SMALL  SCALE  TEST  RINGS 

Three  small  scale  test  rings  were 
wound  and  evaluated.  Each  ring  was  6-inch 
inside  diameter  by  8-inch  outside  diameter 
and  had  10  wound  and  cured  layers.  The 
first  two  failed  by  inner  layer  hoop  com¬ 
pressive  stress  failure  when  the  ring  was 
completed  or  near  completion.  The  third 
test  ring  was  satisfactory  and  established 
the  parameters  to  be  used  in  a  full  scale 
rim  fabrication. 

The  first  test  ring  was  wound  on  a 
6-inch  steel  mandrel  that  was  0.040  inch 
thick.  The  mandrel  dimensions  and  other 
parameters  were  used  in  Eq.  (1)  to  (7), 
along  with  a  winding  tension  schedule  to 
determine  the  predicted  prestress  condi¬ 
tions. 

The  mandrel  was  a  steel  cylinder  (6" 
OD  X  0.040"  T).  The  mandrel  was  strain 
gaged  on  the  inside,  and  the  strains  were 


monitored  as  the  layers  were  wound.  Ten 
layers  (each  0.100  inch  thick)  were  wound. 

A  layer  was  wound  and  allowed  to  cure  at 
room  temperature  before  winding  the  next 
layer.  Strains  were  monitored  when  the 
layer  was  completed  and  still  wet,  and 
then  when  it  was  cured.  There  was  only  a 
slight  relaxation  during  layer  curing. 

The  strain  increment  when  a  layer  is  ap¬ 
plied  and  the  properties  of  the  composite- 
plus-mandrel  cylinder  to  which  the  layer 
is  applied  are  used  to  calculate  the  actual 
retained  tensile  stress  in  the  applied 
layer.  The  calculation  is  performed  for 
each  layer  and  the  results  superimposed  to 
find  the  resultant  prestress  distributions. 

Table  2  summarizes  the  calculated- 
versus-realized  parameters  in  the  first  . 
test  ring.  The  actual  retained  tensile 
stress  in  the  layers  deviated  significantly 
from  the  desired  levels.  The  reason  for 
this  deviation  is  not  clear;  but  it  could 
be  due  to  a  variation  in  the  winding  ten¬ 
sion,  variation  in  the  resin  viscosity, 
and/or  inaccurate  strain  gage  readings. 

The  control  seems  to  be  much  more  erratic 
after  the  mandrel  has  yielded,  which  oc¬ 
curred  as  Layer  5  was  applied.  This  result 
would  seem  to  indicate  inaccurate  strain- 
gage  readings  due  to  plastic  mandrel  strain. 

The  theoretical -versus-experimental 
prestress  distributions  are  shown  by  the 
graph  of  Fig.  6.  The  deviations  previously 
mentioned  appear  in  these  distributions. 

If  the  strain  gage  readings  are  not  re¬ 
liable,  then  the  actual  distributions  may 
be  closer  to  the  theoretical.  The  inner 
layers  of  the  ring  experienced  a  hoop- 
compressive  microbuckling-type  failure 
when  the  steel  mandrel  was  removed.  This 


Table  2 

PRESTRESS  RESULTS  IN  TEST  RIM  1 
(380  Denier  Kevlar-49  Yarn) 


Applied  Winding  Retained  Layer  Layer  Inside 

Tension  _ Stress  (ksi) _  Radius  _ Radial  Stress  (ksi)  Hoop  Stress  (ksl) 


(g) 

Theoretical 

Experimental 

(in) 

Theoretical 

Experimental 

Theoretical 

Experimental 

275 

0 

2 

3.0 

0 

0 

-66.6 

-69.0 

600 

11 

11 

3.1 

-2.12 

-2.23 

-54.1 

-53.7 

925  ' 

22 

20 

3.2 

-3.66 

-3.83 

-38.2 

-37.0 

12S0 

33 

33 

3.3 

-4.61 

-4.84 

-21.2 

-15.9 

1600 

44 

41 

3.4 

-5.00 

-5.17 

-  3.5 

1.2 

1925 

55 

72 

3.5 

-4.84 

-4.98 

15.0 

46.8 

1925 

55 

50 

3.6 

-4.17 

-3.54 

23.2 

32.6 

1925 

55 

50 

3.7 

-3.33 

-2.57 

30,7 

40.3 

1925 

55 

27 

3.8 

-2,34 

-1.43 

37.7 

20.6 

1925 

55 

36 

3.9 

-1.23 

-0.89 

44.6 

34.6 

at  r  =  4.0 

0 

0 

51.3 

34.6 
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Fig.  6.  THEORETICAL  VERSUS  EXPERIMENTAL  RESIDUAL 
STRESS  DISTRIBUTION  IN  TEST  RING  I . 


developed  for  test  and  evaluation.  Plexi¬ 
glas  was  selected  for  the  mandrel  material 
to  give  a  low  stiffness  as  well  as  provide 
a  linear  stress/strain  response  through 
the  strain  range  imposed  during  the  test 
winding.  The  theoretical  schedule  limits 
the  inner-layer  compressive  stress  to  50 
ksi  and  produces  a  maximum  radial  com¬ 
pressive  stress  of  4.1  ksi. 

Table  3  summarizes  the  Schedule  2 
parameters  and  gives  the  results  of  the 
test  winding.  The  retained  tensile  stress 
in  the  wound  layers,  on  the  average,  ex¬ 
ceeded  the  desired  levels  by  19%.  The 
resultant  stress  distributions  are  compared 
with  the  theoretical  distributions  in 
Fig.  7.  The  agreement  is  much  better  on 
this  test  ring,  but  the  excess  retained 


action  occurred  at  a  calculated  stress 
level  between  65  and  69  ksi.  Measurement 
of  the  ring  inside  diameter  compared  well 
with  the  total  strain  readings,  confirming 
this  stress  level.  Failure  of  the  inner 
layers  prevented  a  residual  stress  analysis 
by  incremental  material-removal  techniques. 

By  manipulation  of  parameters  in  the 
equations  predicting  the  prestress,  it  is 
determined  that  a  lower-stiffness  mandrel 
produces  the  highest  prestress  level  for 
a  given  maximum  winding  tension.  Addi¬ 
tionally,  the  best  tension  schedule  to 
balance  the  radial-stress  distribution  in 
the  0.75  radius-ratio  rim  is  a  linear 
variation  from  zero  tension  in  the  inner 
layer  to  a  maximum  tension  in  the  outer 
layer. 
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Fig.  7.  THEORETICAL  VERSUS  EXPERIMENTAL  RESIDUAL 
STRESS  DISTRIBUTION  IN  TEST  RING  2. 


A  second  winding-tension  schedule  was 


Table  3 

PRESTRESS  RESULTS  IN  TEST  RIM  2 


(380  Denier  Kevlar-49  Yarn) 


Applied  Winding 
Tension 

(g) 

Retained  Layer 

Stress  (ksi) 

Layer  Inside 
Radius 

(in) 

Radial  Stress  (ksi) 

Hoop  Stress  (ksi) 

Theoretical 

Experimental 

Theoretical 

Experimental 

Theoretical 

Experimental 

250 

0 

0.7 

3.0 

0 

0 

-50.0 

-66.2 

475 

6.5 

8.3 

3.1 

-1.60 

-2.14 

-42.4 

-50.2 

650 

13.0 

14.4 

3.2 

-2.80 

-3.64 

-31.6 

-37.5 

850 

19.4 

21.4 

3.3 

-3.59 

-4.67 

-20.6 

-24.3 

1040 

25.9 

30.0 

3.4 

-4.02 

>  -5.25 

-  9.5 

-  9.5 

1250 

32.4 

34.8 

3.5 

-4.11 

-5.37 

1.7 

1.1 

1425 

38.9 

44.0 

3.6 

-3.87 

-5.19 

13.2 

16.8 

1625 

45.4 

59.5 

3.7 

-3.34 

-4.60 

25.2 

40.6 

1825 

51.9 

65.4 

3.8 

-2.51 

-3.41 

37.6 

55.1 

2000 

58.4 

75.0 

3.9 

-1.40 

-1.91 

50.7 

74.3 

at  r  =  4.0 

0 

0 

58.1 

74.3 
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tension  caused  this  ring  to  fail  also  by 
an  inner-layer-microbuckling  compressive 
failure.  The  failure  occurred  while  the 
final  layer  was  curing,  and  the  inner 
layer  stress  was  65  ksi  compression. 

These  two  test  rings  demonstrate  the 
capability  to  achieve  prestress  levels 
that  can  effectively  eliminate  radial 
tensile  stress  on  the  composite  rim.  The 
control  as  yet  is  not  satisfactory  but 
should  improve  with  additional  development. 

A  third  test  ring  was  fabricated  and 
evaluated.  The  winding  tension  schedule 
was  scaled  down  to  prevent  the  hoop  com¬ 
pressive  failure  of  the  inner  layers  which 
occurred  in  the  first  two  test  rings. 

The  third  test  ring  was  successfully 
fabricated  with  none  of  the  inner  layer 
compressive  failure  experienced  on  the 
prior  rings.  The  winding  tension  schedule 
was  scaled  to  produce  a  maximum  inner 
layer  hoop  compressive  stress  of  35  ksi. 
However,  the  retained  tensions,  based  on 
the  strain  gage  results,  again  exceeded 
the  expected  values.  The  results  cal¬ 
culated  from  the  strain  gage  measurements 
during  fabrication  indicate  an  inner 
layer  hoop  compressive  stress  of  50  ksi 
and  a  maximum  radial  compressive  stress 
of  4  ksi. 

The  theoretical  and  experimental 
prestress  results  from  test  ring  No.  3 
are  shown  in  Fig.  8  and  9.  The  negative 


Fig  8.  THEORETICAL  AND  EXPERIMENTAL  RADIAL  STRESS 
DISTRIBUTIONS  IN  TEST  RING  3. 


Fig  9.  THEORETICAL  AND  EXPERIMENTAL  HOOP  STRESS 
DISTRIBUTIONS  IN  TEST  RING  3. 

of  the  radial  rotation  stresses  for  two 
different  rim  speeds  is  also  shown  in 
Fig.  8.  The  lower  speed  is  the  point 
where  the  theoretical  prestress  results 
in  a  net  zero  radial  stress.  The  higher 
speed  is  the  point  where  the  experimental 
prestress  results  in  a  net  zero  radial 
stress.  The  total  hoop  stresses  (rotation 
plus  prestress)  are  also  shown  in  Fig.  9 
for  the  same  two  speeds. 

The  total  theoretical  energy  stored 
per  unit  weight  based  on  the  rim  weight 
alone  is  31  Wh/lb  at  74,500  rpm  and  44  Wh/ 
lb  at  87,800  rpm  for  a  6-inch  inside  dia¬ 
meter  by  8-inch  outside  diameter  rim 
(29,800  rpm  and  35,100  rpm  respectively 
for  a  15-  X  20-inch  rim).  Even  though  the 
failure  mode  in  this  case  would  still  be 
by  delamination,  it  offers  a  very  signifi¬ 
cant  improvement  to  the  Bandwrap  design 
performance. 

FULL  SCALE  RIM  FABRICATION 

The  successful  completion  of  small 
scale  ring  No.  3  led  to  the  fabrication 
of  a  full  scale  rim.  A  Plexiglas  mandrel 
was  scaled  to  the  full  size  rim  with  the 
mandrel  outside  diameter  oversized  so  that 
the  rim  inside  diameter  would  be  15.000 
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inches  when  completed.  A  set  of  test 
layers  were  wound  onto  the  mandrel  and 
cured  in  succession  with  each  layer  0,250 
inch  thick. 

The  purpose  of  this  was  to  check  the 
relation  of  Fig.  5  for  the  larger  mandrel 
diameter  and  yarn  denier.  Tension  levels 
were  1,900,  3,700,  5,600,  and  7,500  grams. 
The  resulting  data  points  are  plotted  in 
Fig.  10  and  compared  with  the  relation  from 
Fig.  5.  Fiber  buckling  occurred  while  the 
first  layer  was  being  wound,  due  to  the 
low  mandrel  stiffness.  That  probably 
caused  the  first  data  point  to  be  low. 
Compressive  fracture  of  the  inner  layer 
occurred  while  the  fourth  layer  was  being 
applied  and  causes  the  fourth  data  point 
to  be  invalid.  The  agreement  with  the 
relation  of  Fig.  5  is  not  outstanding,  but 
there  was  not  enough  time  to  generate  new 
data  and  the  good  data  provides  a  reasonable 
confirmation  of  the  relation. 


Flo  10  APPLIED  VERSUS  RETAINED  TENSION  DATA 
FROM  A  TEST  CYLINDER  USING  1420  DENIER  YARN. 

The  winding  tensile  stress  schedule 
used  in  small  scale  ring  No.  3  was  fac¬ 
tored  down  by  15  percent  to  be  conservative 
and  used  for  the  full  scale  rim  winding. 

The  mandrel  was  15.042  inches  outside 
diameter  by  13.793  inches  inside  diameter 
with  strain  gages  mounted  on  the  inside. 
There  was  rubber  sheeting  bonded  to  the 
side  plates  and  mandrel,  and  the  side 
plate  faces  were  covered  with  Teflon  film. 
The  winding  progressed  smoothly  with  three 
layers  wound  each  week. 

The  prestress  condition  calculated 
from  the  measured  strains  are  plotted  in 
Fig.  11.  The  calculations  are  a  layer-by- 
layer  determination  of  the  stresses  in  the 


Fla.  II.  PRESTRESS  AND  TOTAL  STRESS  DISTRIBUTIONS 
AT  TWO  SPEEDS  IN  THE  FULL  SCALE  FLYWHEEL  RIM. 

existing  and  applied  layers.  The  equations 
for  the  orthotropic  ring  with  internal  and 
external  pressure  were  programmed  on  a 
hand  calculator,  and  the  data  were  reduced. 
The  pressure  at  the  mandrel -inner  layer 
interface  was  calculated  from  the  strain 
readings  and  the  mandrel  material  prop¬ 
erties.  The  external  pressure  on  the 
existing  layered  ring  applied  by  the  new 
layer  is  determined  from  the  strains  and 
the  average  elastic  properties  of  the 
existing  ring.  The  internal  and  external 
pressures  on  the  existing  ring  yield 
stresses  to  superimpose  on  the  stresses 
already  present.  The  external  pressure 
on  the  existing  ring  is  used  to  calculate 
the  tensile  stress  held  in  the  new  layer. 

This  rim  was  used  to  fabricate  an 
improved  Bandwrap  flywheel  for  the  UCC-ND 
FY  77  Development  Program.  The  rim  was 
diamond  knife  machined  with  radiused 
outer  corners  and  a  rotational  catenary¬ 
shaped  outer  contour.  The  rim  was  as¬ 
sembled  with  the  band  winding  fixtures 
and  the  bands  were  wound.  The  flywheel 
will  be  tested  late  in  FY  78. 

A  performance  estimate  can  be  made 
based  on  the  prestress  results  in  Fig.  IT 
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and  the  rim  rotational  stresses.  The 
estimate  is  that  the  rim's  radial  stress 
will  remain  compressive  up  to  a  speed  of 
29,800  rpm  and  that  the  delamination 
failure  will  occur  at  a  speed  of  35,100 
rpm.  This  estimate  assumes  that  there  is 
no  failure  of  the  bands  or  hub.  The  finite 
element  stress  analysis  indicates  this  to 
be  a  valid  assumption.  The  rim  energy 
density  will  be  31  watt-hr/lb  at  29,800 
rpm  and  44  watt-hr/lb  at  35,100  rpm. 

This  performance  estimate  is  based 
on  the  current  prestress  condition.  Since 
the  flywheel  will  not  be  tested  for  ap¬ 
proximately  9  months,  there  may  be  some 
creep  and  stress  relaxation.  A  sample 
ring  was  parted  from  the  as-wound  rim  for 
the  purpose  of  doing  a  residual  stress 
analysis  by  the  incremental  material 
removal  method.  This  ring  will  be  stored 
with  the  flywheel  until  the  time  of  test¬ 
ing.  The  residual  stress  analysis  done 
at  that  time  will  determine  if  there  has 
been  any  significant  creep  problem.  Of 
course,  this  problem  would  need  more 
thorough  investigation  for  deciding  the 
lifetime  suitability  of  prestressed  rims 
in  flywheels. 
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ABSTRACT 

A  comprehensive  program  was  initiated  in  late  1976  by  the  U,  S.  Department  of 
Transportation  Urban  Mass  Transportation  Administration  (UMTA)  directed  toward  the 
demonstration  and  ultimate  production  of  energy  efficient  transit  buses  which  overcome 
the  limitations  of  present  transit  vehicles.  The  results  of  the  initial  study  phase  of 
this  program  have  shown  the  viability  of  four  flywheel -propul sion  configurations  that 
can  match  or  exceed  the  performance  and  route  requirements  of  typical  transit  properties. 
These  new  flywheel  drives  are:  (I)  a  pure  flywheel  system;  (2)  a  flywheel /battery 
hybrid  system;  (3)  a  flywheel /diesel  engine  hybrid  system;  and  (4)  a  fl ywheel -augmented 
trolley  coach.  One  or  more  of  these  concepts  appears  suitable  to  provide  improved  pro¬ 
pulsion  for  a  wide  sector  of  urban  transit  operations. 


INTRODUCTION 

The  urban  transit  bus  offers  a  unique 
combination  of  characteristics  that  make 
it  suitable  for  the  demonstration  of  new 
propulsion  concepts.  In  particular,  the 
bus  is  an  excellent  candidate  for  evaluat¬ 
ing  the  energy  conservation  made  possible 
by  the  use  of  regenerative  braking.  First, 
buses  are  heavy  vehicles  that  move  at 
relatively  high  speeds,  resulting  in  the 
availability  of  high  values  of  kinetic 
energy  for  recuperation.  Second,  buses 
have  frequent  start-stop  operations  that 
increase  the  opportunities  for  energy 
recovery.  Also,  because  of  their  size, 
buses  are  not  very  sensitive  to  the  volume 
and  weight  of  the  new  propulsion  systems. 
In  addition,  reasonable  control  can  be 
maintained  over  buses  used  for  the  demon¬ 
stration  of  new  propulsion  concepts 
because  the  vehicles  are  generally  oper¬ 
ated  over  predictable  routes  and  can  be 
regularly  inspected  and  serviced  in  the 
transit  property  maintenance  facility. 
Also,  the  results  of  the  tests  and  demon¬ 
strations  of  new  energy-efficient  propul¬ 
sion  systems  conducted  in  transit  buses 
can  be  extrapolated  to  a  wide  range  of 
vehicles  from  small  commuter  cars  to  large 
trucks  and  vans. 

The  impetus  for  the  new  demonstration 
program  is  the  transit  industry  desire  for 
improved  vehicles  and  the  urgent  need  to 
reduce  energy  consumption,  particularly 
petroleum  fuel. 


Over  the  past  decade,  many  U.S. 
transit  properties  have  indicated  a  need 
for  rubber-tired  transit  vehicles  that 
could  provide  clean,  quiet,  high  perfor¬ 
mance  operation  like  the  electric  trolley 
coach,  but  also  offer  the  route  flexibil¬ 
ity  of  the  diesel  bus.  Such  vehicles 
should  have  the  advantages  of  low  mainte¬ 
nance  cost  and  long  service  life,  which 
are  characteristic  of  electric  transit, 
without  the  fixed  cost  and  maintenance 
burden  of  a  continuous  energy  collection 
system.  In  addition  to  these  improvements, 
the  new  vehicles  could  help  alleviate  the 
energy  shortage  because  of  the  improved 
regenerative  braking  energy  efficiency  and 
the  compatibility  with  electric  energy 
rather  than  petroleum  fuel  for  propulsion. 
The  most  practical  means  of  propelling 
such  a  new  class  of  urban  transit  vehicles 
is  by  use  of  an  onboard  energy  storage 
system  in  conjunction  with  an  electric 
drive. 

The  multiphase  fl ywheel -propel  led 
transit  vehicle  program,  which  is  now 
underway  under  UMTA  sponsorship,  is 
intended  to  expedite  the  deployment  of  new 
energy  storage  vehicles  In  revenue  service. 
This  will  satisfy  the  user  industry  needs 
and  at  the  same  time  demonstrate  the  energy 
economics  of  regenerative  braking  so  that 
the  concept  can  be  applied  to  many  vehicle 
types. 
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THE  UMTA  PROGRAM 
PROGRAM  OUTLINE 

The  UMTA  flywheel -propel  1 ed  vehicle 
program  is  divided  logically  into  the  four 
phases  shown  below  with  review  points  for 
assessment  of  technical  progress  and  con¬ 
cept  viability  and  marketability  during 
and  at  the  end  of  each  phase. 

Phase  I  -  Design  Study 

Phase  II  -  Development^  Fabrication^ 
and  Test 

Phase  III  -  In-Service  Demonstration 

Phase  IV  -  Production 
PROGRAM  OBJECTIVES 

The  overall  purpose  of  the  UMTA  bus 
program  is  the  demonstration  and  ultimate 
production  of  a  new  transit  vehicle  that 
can  provide  improved  quality  transit  ser¬ 
vice  while  conserving  energy,  particularly 
petroleum  fuel.  The  rubber-tired  transit 
vehicle  is  considered  to  be  important  to 
petroleum  fuel  conservation  because  of  the 
increasing  scarcity  (and  cost)  of  oil. 
Thus,  as  more  attractive  public  transit 
and  the  fuel  shortage  cause  commuters  to 
abandon  their  cars,  highly  efficient  tran¬ 
sit  vehicles  that  can  use  electric  energy 
will  be  aval  1  able. 

FLYWHEELS 

The  flywheel  was  selected  by  UMTA  as 
the  primary  energy  storage  device  for  use 
in  the  recovery  of  braking  energy  and  the 
enhancement  of  vehicle  acceleration  per¬ 
formance.  In  addition,  the  flywheel  tech¬ 
nology  to  be  applied  in  the  program  was 
specified  as  current  state-of-the-art 
which  could  be  mechanized  within  one  year. 
Table  I  is  a  comparison  of  battery  storage 
systems,  flywheels,  and  the  energy  storage 
required  for  transit  buses.  It  may  be 
seen  from  Table  1  .that  the  present  tech¬ 
nology  flywheel  exceeds  all  transit  bus 
requirements;  therefore,  it  is  a  logical 
choice  for  use  in  an  energy-conservation 
drive. 

TRANSIT  VEHICLE  REQ.UIREMENTS 

Because  the  flywheel  study  is  based 
on  the  comparison  of  costs  and  performance 
between  candidate  fl ywheel -propelled  vehi¬ 
cle  configurations  and  standard  transit 


buses,  the  characteristics  of  the  standard 
vehicles  were  established  as  a  basis  for 
comparison. 

The  approach  used  in  this  determina¬ 
tion  was  to  analyze  user  industry  data  to 
establish  the  vehicle  type  that  will  have 
the  highest  demand  over  the  next  15  years. 
The  data  used  for  this  study  came  from  a 
recent  American  Public  Transit  Association 
(APTA)  survey^.  This  data  shows  the  pre¬ 
dominance  of  the  12-m  bus  demand  through 
the  eighties  with  an  estimated  average 
annual  demand  of  5,000  buses.  From  this 
market  study,  the  conclusion  was  reached 
that  the  most  significant  transit  market 
for  application  of  flywheel -propel  led 
vehicles  is  as  a  replacement  (or  modifi¬ 
cation)  of  the  standard  12-m  bus  whether 
in  the  diesel  bus,  trolley  coach,  or 
battery  bus  configuration. 

As  a  result  of  the  APTA  survey,  the 
12-m,  8-cylinder,  air-conditioned  diesel 
bus  (similar  to  those  now  being  produced 
by  AM  General,  Flxible,  and  General 
Motors)  was  used  as  a  baseline  for  com¬ 
parative  analyses  with  the  new  concept 
flywheel -propel  led  vehicles.  Similarly, 
the  Flyer  Model  800,  12-m  electric  trolley 
coach  with  air  conditioning  (the  only  such 
vehicle  now  being  delivered  in  the  western 
hemisphere)  was  used  as  the  baseline 
trolley  coach  for  comparison  to  the  new 
vehicles. 

To  compare  the  performance  and  costs 
of  12-m  flywheel -propel  led  transit  vehi¬ 
cles  with  those  of  a  battery  bus,  it  is 
necessary  that  the  latter  be  of  the  same 
size  and  passenger  capacity.  The  closest 
thing  available  is  the  West  German  M.A.N. 
Elektrobus,  which  is  currently  undergoing 
limited  revenue  service  testing  in  Dussel- 
dorf  and  Monchengladbach.  The  character¬ 
istics  of  a  vehicle  similar  to  the  M.A.N. 
bus  with  the  addition  of  electrically 
operated  air  conditioning  and  heating  were 
assumed  for  comparison  to  the  new  concept 
veh i cles 

The  required  performance  from  the 
flywheel -propel  led  vehicles  is  expected 
to  at  least  match  that  of  the  baseline 
vehicles.  The  top  speed  of  the  new 
vehicles  will  be  the  maximum  legal  speed 
level  (88  km/kr),  which  is  equivalent  to 
that  of  the  diesel  bus.  The  initial 
acceleration  of  the  f lywheel-propel led 
vehicles  will  be  held  to  5.6  km/hr/sec, 
which  is  a  passenger  comfort  limit  that 
can  be  exceeded  with  the  present  diesel 
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DUS,  The  required  acceleration  to  speed 
with  a  full-seated  load  for  the  flywheel- 
propelled  vehicle  will  be  10  sec  to  48  km^ 
which  matches  the  present  trolley  coach 
performance^  but  exceeds  that  of  the  diesel 
bus.  The  new-concept  vehicles  will  be 
required  to  match  the  electric  braking  of 
the  trolley  coach  (5,6  km/hr/sec),  although 
the  new  vehicles  will  use  regenerative 
braking  as  contrasted  to  the  trolley  coach 
electric  braking  system  that  is  principally 
dynamic.  Finally^  the  gradeability  of  the 
new-concept  vehicles  will  match  the  present 
20-percent  capability  of  the  present  diesel 
bus  and  trolley  coach, 

CANDIDATE  FLYWHEEL  CONFIGURATIONS 

As  a  result  of  the  Phase  I  study^ 
four  flywheel  propulsion  configurations 
have  been  defined.  They  match  the  transit 
user  requirements  and  are  suitable  for 
operational  performance  and  life-cycle 
cost  comparisons  with  the  three  baseline 
vehicles.  The  new-concept  propulsion  sys¬ 
tems  are  described  in  the  following  para¬ 
graphs, 

PURE  FLYWHEEL  DRIVE 

The  optimum  configuration  of  the  pure 
flywheel  drive  for  a  12-m  transit  vehicle 
was  based  on  the  premise  of  placing  as  much 
flywheel  capacity  as  possible  into  the 
vehicle  without  exceeding  the  axle  load 
limit  while  carrying  a  crush  passenger 
load.  The  resulting  pure  flywheel  drive 


system  is  shown  in  the  block  diagram  of 
Fig,  I,  This  system  has  a  weight  of  3450 
kg^  which  is  compatible  with  the  axle  limit 
of  17200-kg  with  a  5^900-kg  crush  passenger 
load  capability.  The  optimum  pure  flywheel 
system  is  configured  with  its  72  MJ  steel 
flywheel  and  flywheel  electrical  machine 
enclosed  within  a  sealed  evacuated  housing. 
The  operation  of  the  homopolar  inductor 
machine  in  a  vacuum  is  possible  because 
the  machine  has  a  solid  rotor  (no  rotating 
windings)  with  only  minimal  losses.  The 
rejected  machine  heat  from  the  stator  wind¬ 
ing  and  stationary  field  coil  can  be  con¬ 
ducted  out  by  an  oil  cooling  system  that  is 
sealed^  but  operates  out  of  the  vacuum.  The 
cooling  lines  are  located  in  the  laminated 
iron  portions  of  the  stationary  structure 
of  the  machine.  Operation  of  the  flywheel 
machine  within  the  sealed  flywheel  enclo¬ 
sure  eliminates  the  need  for  a  rotating 
shaft  seal  because  energy  can  be  transferred 
electrically  into  and  out  of  the  housing. 

The  sealed  housing  can  be  pumped  down  to 
i ts  6  to  1 2  Pa  vacuum  level  by  an  external 
vacuum  pump  and  then  left  alone  over  an 
inspection  interval  of  I  to  2  months.  The 
absence  of  the  shaft  seal  also  minimizes 
spinning  losses  and  reduces  the  maintenance 
requirements  of  the  flywheel  assembly. 

The  operation  of  the  pure  flywheel 
system  of  Fig.  1  is  relatively  straight¬ 
forward,  Initial  charging  to  base  speed 
is  accomplished  by  a  front-end  static  com¬ 
mutator  which  provides  reduced  voltage^ 
variable  frequency  power  to  the  synchronous 


table  1,  Energy  Storage  Comparispn 


Present 
Lead-Aci d^ 
Batteries 

Flywheels 
(Present  ^ 
Technology) 

Energy  Storage 
Transi t  Bus^ 
Requi rements 

Energy  density 

60-110  J/g 

50-100  J/g 

40  J/g 

Power  density 

25-70  W/kg 

220-440  W/kg 

170  W/kg 

Deep  discharge 

Cycle  life 

500-1500 

>10" 

>  250,000 
(23-yr  service) 

Propulsion  system 
Life-cycle-cost/mi le 
(23-yr  transit  life) 

137^ 

44)d 

(diesel  bus) 

®See  reference  I  (references  are  listed  at  the  end  of  the  text), 

^See  reference  2, 

^Transit  bus  requirements  are  based  on  information  obtained  from  II  transit  properties. 
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flywheel  machine  that  is  then  brought  up 
to  base  flywheel  speed.  Above  base  speedy 
the  flywheel  machine  can  provide  sufficient 
voltage  to  self-commutate  the  dual  conver¬ 
ter  so  the  front-end  commutator  is  no 
longer  required.  When  the  flywheel  is 
fully  charged^  propulsion  is  accomplished 
by  controlled  rectification  of  the  fly¬ 
wheel  machine  output  voltage  to  provide 
proper  control  of  voltage  applied  to  the 
separately  excited  field-type  dc  traction 
motor.  This  configuration  is  fully  bilat¬ 
eral  so  that  energy  from  vehicle  braking 
operations  can  be  coupled  back  to  the  fly¬ 
wheel  by  the  load-commutated  inverter 
operation  of  the  dual  converter  and  fly¬ 
wheel  electrical  machine.  As  shown  in  Fig. 
I,  the  vehicle  hotel  loads  are  provided  by 
rectifying  the  fixed  voltage  output  of  the 
flywheel  machine. 


PURE  FLYWHEEL  BUS  DRIVE 
VERSION  2A 


•COMPLETE  ROUTE  FLEXIBILITY  nr  INPUT 

BETWEEISf  CHARGES  FOR  CHARGING 

•  EXCELLENT  ENERGY  EFFICIENCY 


Fig.  1.  Pure  flywheel  bus  drive 

The  pure  flywheel  propulsion  system 
may  be  installed  in  the  Flxible  22  in  floor 
Transbus  by  utilizing  the  rear  engine  and 
transmission  compartment  space  made  avail¬ 
able  by  removing  the  conventional  power 
plant.  This  space  with  the  pure  flywheel 
drive  installed  is  shown  in  Fig.  2. 

FLYWHEEL  BATTERY  HYBRID  DRIVE 

A  block  diagram  of  the  flywheel/bat¬ 
tery  hybrid  drive  system  for  a  I2-m  bus 
is  shown  in  Fig,  3.  The  operation  of  this 
system  is  the  same  as  the  pure  flywheel 
system  except  that  ^bove  traction  motor 
base  speed  (about  32!  km/hr),  energy  can  be 


PROPULSION  SYSTEM  LOCATION  IN 
TRANSBUS  (22  IN  FLOOR) 


•  MIN.  STRUCTURAL  MODIFICATION 

•  EASY  ACCESS  FOR  INSPECTION 
AND  MAINTENANCE 


Fig.  2.  Propulsion  system  location  in 
low  floor  bus 


FLYWHEEL/BATTERY  HYBRID  BUS  DRIVE 
VERSION  4A 


TO  HOTEL  LOADS 


•DOUBLES  BATTERY  CYCLE  LIFE 

•  PROVIDES  HIGH  PERFORMANCE  WITHOUT 
DAMAGING  BATTERY 

•  PROVIDES  FULL  REGENERATIVE  BRAKING 


Fig.  3.  Flywheel/battery  hybrid  bus  drive 

taken  from  the  battery  to  augment  the  fly¬ 
wheel  energy  or  to  recharge  the  22  MJ  steel 
flywheel  (during  cruise).  As  in  the  pure 
flywheel  system,  regenerated  braking  energy 
is  coupled  back  to  the  flywheel. 

The  weight  of  the  battery  pack  required 
to  provide  a  reasonable  range  between  bat¬ 
tery  changes  is  6,000  kg.  This  weight  is 
excessive  for  a  conventional  two-axle  bus, 
so  the  battery  pack  requires  either  a  sepa¬ 
rate  trailer  or  a  modification  of  the  basic 
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bus  by  addition  of  a  third  axle. 

FLYWHEEL  DIESEL  ENGINE  HYBRID  DRIVE 

The  f lywheel/diesel  engine  propulsion 
system  block  diagram  is  shown  in  Fig.  4. 

In  this  system,  the  diesel  engine  is 
coupled  (through  speed- i ncreas i ng  gears) 
by  means  of  a  fluid  coupling  to  the  fly¬ 
wheel,  The  22  MJ  steel  flywheel  can  be 
brought  up  to  engine  speed  by  operating 
the  engine  at  minimum  speed  and  placing 
fluid  in  the  clutch.  The  clutch  will  then 
transmit  torque  to  the  flywheel  (although 
slipping),  which  will  bring  the  flywheel 
up  to  speed.  The  engine  can  be  slowly 
accelerated  then  to  maximum  speed  to  fully 
charge  the  flywheel.  In  operation,  the 
dual  converter  either  control lably  couples 
the  traction  motor  to  the  flywheel  machine 
or  vice  versa,  depending  on  the  direction 
of  power  flow  to  or  from  the  vehicle.  All 
makeup  power  required  for  propulsion  losses 
is  then  provided  at  a  relatively  low  rate 
by  the  small  56-kW  diesel  engine.  The 
engine  is  operated  at  high  efficiency  with 
minimum  emissions  and  noise  and  provides 
power  to  the  vehicle  hotel  loads  and  the 
engine  accessories. 


FLYWHEEL/DIESEL  ENGINE  HYBRID 
VERSION  6A 


EVACUATED  HOUSING 


•  MINIMIZES  FUEL  CONSUMPTION 

•  REDUCES  EMISSIONS 

•  LOWERS  NOISE  LEVEL 

•  PROVIDES  REGENERATIVE  BRAKING 


Fig.  4.  Flywheel/diesel  engine  hybrid 
FLYWHEEL-AUGMENTED  TROLLEY  COACH  DRIVE 

The  fl ywheel -augmented  trolley  coach 
is  a  standard  trolley  coach  with  the  new 
equipment  added  is  shown  in  the  block  dia¬ 
gram  of  Fig.  5.  When  operating  under 
trolley  lines,  the  flywheel  assembly  and 
controls  provide  the  following  three 
important  advantages: 


(a)  Capability  of  recuperating 
braking  energy  for  reuse. 

(b)  Elimination  of  resistive  (cam 
controller)  speed  control  of 
traction  motor  by  the  use  of  a 
flywheel  to  supply  power  at  low 
traction  motor  speeds  and  start¬ 
up.  (Provides  advantages  simi¬ 
lar  to  those  of  chopper  control.) 

(c)  Reduces  the  peak  demand  on  the 
overhead  wires,  thus  minimizing 
the  installed  substation  capa¬ 
city  required  for  trolley  coach 
operation  and  reducing  utility 
demand  charges. 


FLYWHEEL  AUGMENTED  TROLLEY 
COACH  DRIVE 
VERSION  8A 


•  PEAK  POWER  LEVELING 

•  PROVIDES  REGENERATIVE  BRAKING 

•  INHERENT  OFF-WIRE  OPERATIONAL  CAPABILITY 


Fig.  5.  Flywheel -augmented  trolley  coach 
dri  ve 

The  flywheel -augmented  trolley  coach 
has  the  additional  advantage  of  providing 
a  limited  offwire  operational  capability 
for  the  trolley  coach.  As  a  result,  the 
trolley  coach  can  operate  in  congested 
areas  without  overhead  wires  and  can  cir¬ 
cumvent  road  obstructions.  The  22  MJ 
steel  flywheel  shown  in  Fig.  5  could  be 
increased  in  capacity  if  additional  vehi¬ 
cle  offwire  range  is  required.  The  oper¬ 
ation  of  the  trolley  coach  system  offwire 
is  exactly  the  same  as  that  of  the  pure 
flywheel^ vehicle.  Charging  after  an  off- 
wire  run  is  accomplished  automatically 
from  the  overhead  wires  with  the  vehicle 
operating  conventionally. 
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COMMONALITY  AND  MODULARITY 

The  design  mechanization  approaches 
used  in  the  flywheel  propulsion  system 
study  were  intended  to  provide  the  widest 
possible  commonality  of  components  suitable 
for  application  to  vehicles  in  the  gross 
vehicle  weight  range  from  1^300  kg  to  over 
20^000  kg.  Similarly^  where  commonality 
of  components  is  not  possible^  the  compo¬ 
nent  designs  were  made  to  provide  for  the 
wide  range  of  vehicles  by  modularity  or 
other  means  for  stretching  (or  shrinking) 
component  capacities. 

The  recommended  flywheel  design 
approach  is  inherently  modular  in  nature 
with  the  flywheel  comprised  of  a  stack  of 
disks  bolted  together^  similar  to  the 
A i Research  design  used  on  the  UMTA/New  York 
MTA  stored  energy  subway  cars.  This  tech¬ 
nique,  which  minimized  the  flywheel  con¬ 
tainment  protection  problem,  also  lends 
itself  to  the  use  of  common  flywheel  parts 
for  any  capacity  flywheel  from  4  MJ  up  to 
at  least  72  MJ.  Common  rotor  and  stator 
laminations  can  be  used  for  a  wide  range 
of  flywheel  and  traction  machine  sizes. 

In  addition,  the  rear  axle  ratio  used  on 
various  vehicles  can  be  selected  to  provide 
the  desired  speed-torque  range  so  that  a 
single  traction  motor  can  be  used  for  a 
wide  range  of  applications.  The  power  con¬ 
trols  for  various  propulsion  systems  can 
use  the  same  basic  hardware  except  that  the 
power  rating  of  the  semiconductors  can  be 
changed  to  meet  the  appropriate  power 
requirements.  The  design  of  system  con¬ 
trols  for  most  flywheel  propulsion  config¬ 
urations  can  be  such  as  to  be  suitable 
for  a  wide  range  of  vehicles.  The  flywheel/ 
diesel  engine  hybrid  systems  for  various 
size  vehicles  can  make  use  of  engines  from 
the  wide  range  of  stock  designs  that  pro¬ 
perly  match  the  vehicle  energy  requirements. 
Finally,  the  selection  of  the  battery  for  a 
flywheel  hybrid  system  can  be  made  on  the 
basis  of  the  proper  ampere-hour  capacity 
for  a  particular  application  from  the  broad 
range  of  available  designs. 

COMPARATIVE  ANALYSES 

The  four  configurations  of  flywheel- 
propulsion  systems  installed  in  12-m  buses 
were  subjected  to  a  comparative  analysis 
with  the  baseline  buses  (diesel,  electric 
trolley  coach,  and  battery  bus)  and  with 
each  other  to  determine  their  relative 
performance  and  cost  merits. 


OPERATIONAL  PERFORMANCE 

The  results  of  the  analysis  showed 
that  the  flywheel -propel  led  vehicles  in 
general  compare  very  favorably  with  the 
baseline  12-m  diesel  bus.  The  improved 
energy  efficiency,  when  coupled  with  the 
advantages  of  relative  independence  from 
petroleum  fuel  and  absence  of  noise  and 
emissions,  appears  to  more  than  compensate 
for  the  excellent  route  flexibility  offered 
by  the  baseline  diesel  bus.  The  flywheel/ 
diesel  engine  hybrid  offers  an  attractive 
intermediate  step  between  the  present 
diesel  bus  and  the  pure  flywheel  vehicle. 

In  addition  to  route  flexibility  matching 
the  diesel,  this  hybrid  vehicle  configura¬ 
tion  offers  the  advantages  of  improved 
availability,  use  of  presently  available 
maintenance  skills,  and  acceptable  environ¬ 
mental  impacts.  Similarly,  the  flywheel- 
augmented  trolley  coach  performance  shows 
a  substantial  improvement  in  route  flexi¬ 
bility,  energy  efficiency,  and  aesthetic 
considerations  over  the  conventional 
trolley  coach.  The  pure  flywheel  bus 
provides  an  added  improvement  over  that  of 
the  flywheel -augmented  trolley  coach  due 
to  its  greater  range  between  charges. 
Finally,  the  flywheel/battery  hybrid  bus 
performance  has  a  marked  improvement  in 
energy  efficiency  over  the  otherwise  excel¬ 
lent  operational  performance  of  the  pure 
battery  bus. 

The  weighing  factors  for  the  perfor¬ 
mance  comparison  obviously  are  not  the 
same  and,  furthermore,  can  vary  widely 
from  transit  property  to  property.  On 
this  basis,  it  is  not  possible  to  assign 
absolute  figures  of  merit  to  the  various 
propulsion  system  configurations;  however, 
based  on  the  improvements  noted,  the  con¬ 
clusion  has  been  reached  that  the  flywheel 
propulsion  systems  are  highly  competitive 
with  the  baseline  systems;  and,  in  particu¬ 
lar,  the  comparisons  of  like-type  systems 
described  in  the  preceding  paragraph  show 
a  favorable  comparison  of  the  new  concepts 
with  the  baseline  systems. 

LIFE-CYCLE  COSTS 

Life-cycle  cost  (LCC)  comparisons 
were  made  for  the  four  new-concept  vehicles 
contrasted  with  the  three  baseline  vehicles. 
The  life-cycle  costs  (initial  vehicle  and 
facility  costs  along  with  operating  and 
maintenance  costs)  per  vehicle  mile  based 
on  23-year  useful  life  of  the  new-concept 
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vehicles  were  calculated  for  the  seven 
vehicle  types.  A  tabulation  of  the  undis¬ 
counted  LCC  is  shown  in  Table  2.  The  total 
LCC  values  for  the  diesel  bus  ($2,13  per 
mile)  and  the  trolley  coach ($2.27  per  mile) 
were  found  to  compare  favorably  with  the 
averages  obtained  from  transit  property 
cost  records.  In  Table  2^  the  undiscounted 
LCC  of  the  pure  flywheel^  the  flywheel/ 
diesel  engine  hybrid^  and  the  flywheel- 
augmented  trolley  coach  vehicles  are  seen 
to  be  clearly  in  the  competitive  range  with 
the  diesel  bus  and  electric  trolley  coach. 
AlsOj  it  is  seen  that^  although  the  LCC  of 
the  flywheel/battery  hybrid  appears  higher 
than  the  other  concepts,  it  compares  favor¬ 
ably  with  the  LCC  of  the  pure  battery  bus. 

CONCLUSIONS 

The  completion  of  the  Phase  I  study 
of  flywheel  energy  storage  has  resulted  in 
the  identification  of  an  important  area  of 
initial  application  for  flywheel  energy 
storage.  The  study  has  shown  the  viability 
of  flywheel -propel  led  buses,  and  a  set  of 
plans  for  successful  deployment  of  these 
new  vehicles  has  been  prepared.  The  speci¬ 
fic  conclusions  of  the  Phase  I  program  are 
the  fol lowing: 

(a)  Flywheel  propulsion  systems  for 
transit  buses  are  in  the  compe¬ 
titive  range  of  life-cycle  costs 
as  contrasted  with  presently 
deployed  baseline  vehicles 
(diesel  transit  buses,  electric 
trolley  coaches,  and  battery 
buses). 

(b)  The  flywheel/battery  hybrid  bus 
drive  compares  favorably  in  life- 
cycle  cost  with  the  pure  battery 
bus. 


(c)  All  four  flywheel  propulsion 
concepts  developed  in  Phase  I 
can  meet  or  exceed  transit  pro¬ 
perty  operating  and  maintenance 
requirements. 

(d)  The  flywheel  propulsion  systems 
require  substantially  less  energy 
for  the  same  performance  as  that 
required  by  baseline  vehicles. 

(e)  The  pure  flywheel  bus,  flywheel/ 
battery  hybrid  bus,  and  flywheel- 
augmented  trolley  coach  are  all 
independent  of  petroleum  fuel  so 
long  as  electric  energy  generated 
from  coal,  hydroelectric,  geo¬ 
thermal,  nuclear,  and  solar 
sources  is  utilized. 

(f)  The  f lywheel/diesel  engine  hybrid 
bus  reduces  dependence  on  petro¬ 
leum  fuel . 

(g)  The  flywheel -augmented  trolley 
coach  reduces  peak  power  demand 
on  the  electric  overhead  when 
operating  as  a  conventional 
trolley  coach  in  addition  to 
recuperating  braking  energy. 

(h)  All  flywheel  propulsion  concepts 
offer  substantial  reduction  in 
noise  as  compared  with  the  base- 
1 i ne  diesel  bus. 

(i)  All  flywheel  propulsion  config¬ 
urations  except  the  flywheel/ 
diesel  hybrid  eliminate  emis¬ 
sions.  The  emissions  of  the 

f lywheel/diesel  hybrid  are 
substantially  reduced  below 
those  of  the  standard  diesel 
because  the  engine  size  is 


Table  2.  Life  cycle  costs  in  cents  per  mile. 


Vehicle 

Undiscounted  costs 

Maintenance 
and  Fuel 

Operating 

Cost 

Initial 

Cost 

Total 

Undiscounted  LCC 

Diesel  bus 

40.4 

150.7 

21.6 

212.7 

Trolley  Coach 

42.7 

150.7 

32.2 

227.5 

Battery  Bus 

124.3 

159.6 

30.8 

318.4 

Pure  Flywheel  Bus 

26.0 

150.7 

20.9 

201.3 

Flywheel/Battery 

81.4 

157.0 

30.9 

273.0 

Flywheel/Diesel  Bus 

27.4 

150.7 

20.9 

200.9 

Flywheel  Trolley  Coach 

28.7 

150.7 

23.8 

206.9 
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smaller  and  the  operating  range 
Is  tightly  restrained. 

(j)  The  major  components  of  all  fou 
flywheel  propulsion  concepts 
developed  in  the  Phase  I  study 
are  essentially  the  same,  thus 
providing  a  large  production 
base  if  all  four  concepts  are 
developed  and  deployed. 

(k)  A  high  potential  exists  for 
transfer  of  the  flywheel - 
propelled  bus  technology  to 
other  urban  vehicles  such  as 
commuter  rail  vehicles,  para- 
transit  vehicles,  downtown 
people  movers,  delivery  vans, 
school  buses,  and  passenger 
cars. 
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ABSTRACT 

The  design  of  a  wind  energy  storage  system  is  discussed.  The  design  and  construc¬ 
tion,  in  progress,  of  a  small  demonstration  model  is  described.  Suggestions  for  fur¬ 
ther  study  and  development  are  presented.  The  development  of  a  complete  energy  storage 
system  which  is  cost  competitive  with  other  means  of  energy  storage  is  addressed. 
Emphasis  is  placed  on  the  development  of  a  flywheel  of  a  cellulosic  material,  such  as 
wood  or  wood  products,  and  on  the  implementation  of  mechanical  transmissions  for  the 
input  and  retrieval  of  energy. 


INTRODUCTION 

Flywheel  systems  promise  to  be  a 
practical  means  of  storing  wind  energy. 
The  availability  of  such  energy  is  well 
documented  but  the  variable  supply  and 
demand  require  energy  storage.  Cellulo¬ 
sic  materials  such  as  wood  and  paper, 
or  related  products,  are  worth  consider¬ 
ing  in  flywheel  applications  because 
they  appear  to  be  cost  effective,  are  a 
renewable  resource,  and  have  desirable 
safety  features. 

This  paper  briefly  describes  work  in 
progress  aimed  at  developing  an  opera¬ 
tional  flywheel  energy  storage  system  of 
residential  capacity.  Such  a  system  will 
store  energy  from  the  wind  and  produce 
electrical  energy.  To  date  this  effort 
has  concentrated  on  the  flywheel  system 
which  stores  and  retrieves  mechanical 
and/or  electrical  energy.  This  work  does 
not  address  the  design  or  development  of 
wind  energy  generating  equipment. 

Design  and  construction  of  a  small 
scale  demonstration  model  of  the  system 
is  near  completion.  Preliminary  inves¬ 
tigation  of  the  pertinent  mechanical 


properties  of  various  wood  and  paper  pro¬ 
ducts  is  underway.  This  work  is  intended 
to  evaluate  the  technical  feasibility  of 
the  system  and  to  identify  areas  for  fur¬ 
ther  research  and  design  which  will  even¬ 
tually  lead  to  the  development  of  an 
operational  system  with  potential  for 
commercial  development. 

Particular  attention  is  being  given 
to  the  development  of  the  cellulosic 
rotor,  and  to  the  implementation  of  the 
mechanical  transmissions  in  the  input  and 
output  power  systems.  But  the  ultimate 
goal  of  this  effort  is  to  develop  the 
entire  storage  system,  including  the 
requisite  controls,  supports,  and  vacuum 
housing,  having  a  cost  competitive  with 
other  means  of  energy  storage. 

DESIGN  CONSIDERATIONS 

CELLULOSIC  MATERIALS 

Ki neti c  Energy  Storage .  A  residential 
flywheel  energy  storage  system  would  be 
stationary  (perhaps  located  underground) 
hence  total  volume  and  total  mass  of  the 
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flywheel  are  not  a  primary  design  con¬ 
straint.  Ideally  the  flywheel  will  store 
maximum  energy  per  unit  mass  and  per  unit 
cost  of  material.  The  energy  storage 
capacity  is  directly  proportional  to  the 
strength  to  density  ratio  of  the  flywheel 
material.  Cellulosic  fibers  such  as  wood 
and  bamboo  have  been  suggested  for  fly¬ 
wheels  by  D.  W.  Rabenhorst  of  Johns  Hop¬ 
kins  Applied  Physics  Laboratory  because 
of  their  high  strength  to  density  ratios 
and  low  costs. ^  Rabenhorst  has  discussed 
the  use  of  wood,  extrapolated  to  vacuum 
conditions,  and  has  suggested  areas  in 
which  further  research  is  needed.  In 
addition,  he  has  conducted  dynamic  fail¬ 
ure  tests  of  several  sample  wood  disks.^ 
These  tests  verify  that  wood  has  excel¬ 
lent  potential  for  kinetic  energy  stor¬ 
age  applications.  These  tests  also 
demonstrate  that  wood  fails  by  shredding 
thus  making  it  much  safer  than  steel, 
which  fails  by  shattering  into  large, 
high  speed  fragments.  A  comprehensive 
review  of  current  flywheel  work  by  Hagen 
and  Erdman  has  revealed  that  no  research 
has  been  performed  to  establish  the  tech¬ 
nical  and  economic  feasibility  of  wood  or 
cellulosic  fibers  as  flywheel  materials. 3 

The  existing  literature  has  been 
searched  and  reviewed  by  Hagen  for  basic 
information  on  relevant  physical  proper¬ 
ties  of  wood. 4  Information  is  available 
on  basic  mechanical  properties  under 
ambient  conditions  but  little  data  exists 
on  the  properties  of  wood  at  0%  moisture 
content.  More  than  twenty-five  species 
of  wood  have  intrinsic  specific  energies* 
greater  than  200  kJ/kg  (25  w-h/lb).  The 
tensile  strength  of  individual  fibers  of 
summerwood  Douglas  fir  have  been  measured 
as  776  MPa  (113  kpsi)  at  zero  moisture 
content.  This  represents  an  intrinsic 
specific  energy  of  520  kO/kg.  The  ten¬ 
sile  strengths  parallel  to  the  grain  of 
bulk  timber  are  typically  an  order  of 
magnitude  less,  around  100  MPa,  varying 
with  species.  The  design  challenge  is  to 
approach  the  strength  of  the  individual 
fibers  by  reducing  stress  concentrations 
and  improving  fiber  to  fiber  bonding. 

The  few  studies  of  the  fatigue  of 
wood  under  cyclic  tensile  loading  indi¬ 
cate  high  endurance.  Experiments  by 


*The  intrinsic  specific  energy  of  a 
material  is  characteristic  of  its  rotary 
kinetic  energy  storage  capacity  on  a  mass 
basis,  and  is  equal  to  the  ratio  of  axial 
tensile  strength  to  density. 


Kellogg  showed  no  loss  in  tensile  strength 
at  up  to  100  cycles. 5  Tensile  fatigue 
studies  by  Lewis  on  Douglas  Fir  parallel 
to  the  grain  indicate  that  an  average 
working  tensile  strength  at  104  cycles 
was  about  85%  of  the  static  strength  and  at 
106  cycles  was  about  65%. 6  Lewis  recom¬ 
mended  working  stresses  of  50%  of  static 
strengths  at  30  million  cycles;  70%  would 
probably  be  suitable  at  10,000  cycles. 

The  literature  of  wood  technology _ 
lacks  extensive  research  on  the  mechani¬ 
cal  properties  of  wood  with  negligible 
moisture  content,  as  found  under  vacuum 
conditions.  The  available  data  show  that 
the  strength  of  wood  increases  signifi¬ 
cantly  with  decreasing  moisture  content 
from  the  saturation  point,  reaching  maxi¬ 
mum  strength  in  the  range  of  8  to  12% 
moisture  content.  Strength  then  falls 
off,  and  wood  becomes  more  brittle,  as 
the  moisture  content  is  brought  to  zero. 
Further  research  is  needed  in  this  area 
before  the  effects  of  low  moisture  and 
vacuum  conditions  can  be  quantitatively 
treated  as  design  parameters. 

Flywheel  Fabrication.  Flywheels  are  usu¬ 
ally  considered  in  three  major  geometri¬ 
cal  configurations:  isotropic  or  pseudo¬ 
isotropic;  radial,  e.g.,  spoke  or  brush; 
and  circumferential,  e.g.,  wound  fibers. 
Wood  and  paper  technology  are  so  versatile 
that  cellulosic  materials  could  be  employ¬ 
ed  in  any  of  these  configurations,  whe¬ 
ther  as  veneers,  paper,  or  cords.  Wood 
veneers  are  commonly  produced  in  a  variety 
of  widths  and  thicknesses;  many  wood  pro¬ 
cessing  mills  can  veneer  sheets  over  6  m 
(250  in.)  wide,  or  produce  veneers  less 
than  0.2  mm  (.01  in)  thick  but  in  smaller 
widths.  Paper  is  commercially  available 
in  the  U.S.  in  continuous  rolls  72  in. 

(1.8  m)  in  width,  and  binder  board  is 
manufactured  up  to  0.24  in  (6.1  mm)  thick. 

The  pseudoistropic  configuration  is 
convenient  for  flywheel  applications  since 
it  is  well  suited  to  plywood  or  veneers. 

In  this  design  the  grain  of  the  wood  is 
perpendicular  to  the  axis  of  rotation, 
but  the  grains  of  adjacent  layers  are  not 
parallel.  The  flywheel  can  be  constructed 
by  laminating  plywood  or  veneers  into  a 
large  block,  then  sawing  and/or  turning 
this  to  a  cylinder. 

The  strength  of  wood  increases  with 
decreasing  thickness,  probably  due  to 
reduction  of  unequal  stresses  in  the 
early  and  late  growth  sections  of  wood. 
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However,  below  a  critical  thickness 
strength  begins  to  fall  off  linearly  with 
thickness  due  to  cut  fibers. 

The  strength  of  wood  can  also  be 
increased  by  compression.  Woods  typically 
have  a  density  on  the  order  of  0.7  gm/ 
cm3.  This  can  be  doubled  to  almost  1.5 
gm/onT^by  applying  pressure  in  the  range 
of  7  to  27  MPa  (1000  to  4000  psi),  depend¬ 
ing  on  the  moisture  content  and  tempera¬ 
ture.  This  halves  the  volume,  and  gives 
some  improvement  in  fiber  to  fiber  bond¬ 
ing  increasing  the  specific  energy.  The 
application  of  heat  and  pressure  together 
will  plasticize  the  cellulose  composite 
enabling  it  to  flow.  This  process  appears 
to  reduce  stress  concentrations  in  veneers 
by  relaxing  pre-existing  strains.  The 
technique  of  compressing  wood  laminates 
deserves  further  experimentation,  espe- 
cailly  to  determine  if  it  can  be  cost 
effective  in  commercial  production. 

The  ultimate  strength,  and  there¬ 
fore  the  maximum  rotary  kinetic  energy, 
of  a  solid  homogeneous  cylinder  is  re¬ 
duced  by  half  if  a  hole  is  cut  through 
the  axis  of  rotation.  Thus  it  is  desir¬ 
able  to  bond  a  separate  shaft  and  hub  to 
each  end  of  a  cylindrical  flywheel.  This 
procedure  presents  the  challenge  of  accu¬ 
rate  concentric  and  parallel  alignment 
of  the  shafts  while  applying  the  pressure 
required  for  the  bonding  agent.  This  can 
be  accomplished  on  a  small  scale  in  a 
lathe.  Large  flywheels  will  require 
special  equipment,  perhaps  a  customized 
hydraulic  press.  In  addition,  the  rotor 
often  fails  dynamically  at  or  near  the 
bonding  layer  because  of  the  different 
elastic  moduli  of  wood  flywheel  and  metal 
hub.  An  elastomeric  bonding  material 
recently  developed  by  the  Lord 
Corporation  promises  to  mitigate  this 
problem. 7 

Dynamic  balancing  of  wood  flywheels 
can  be  accomplished  by  removing  material 
from  the  surface  by  drilling  or  sanding. 
The  bonded  hub  and  shaft  configuration 
described  above  may  allow  more  innovative 
and  perhaps  cost  effective,  balancing 
techniques.  For  example,  proper  adhe¬ 
sives  could  allow  centrifugal  bonding  of 
hub  to  rotor  above  some  critical  speed. 
Because  the  flywheel  will  operate  over 
a  wide  speed  range,  the  speed  at  which 
dynamic  balancing  is  executed  may  require 
identification  based  on  the  critical 
speeds  realized  by  the  total  rotor-shaft¬ 
bearing  system.  Further  analytical  and 


experimental  research  is  needed  in  this 
regard. 

Cost.  Solid  birch  plywood,  used  in 
patternmaking  and  other  specialized  in¬ 
dustries,  is  commercially  available  at 
$1. 00/kg  for  clear  plywood  and  $0. 50/kg 
for  plywood  with  interior  knots  removed 
and  plugged,  based  on  purchase  of  carload 
quantities.  Flywheels  made  of  plywood 
with  interior  knots  may  have  only  half 
the  energy  storage  capacity  of  clear 
plywood  rotors  since  a  knot  near  the  axis 
of  rotation  will  double  the  stress  locally. 
Thus  the  unit  cost  for  energy  storage  will 
be  the  same  for  either  grade  of  plywood. 
Based  upon  the  storaae  capability  of  30 
kJ/kg  cited  by  Hagen^,  this  cost  is  30  kJ/$ 
(8.4  w-h/$)  for  material.  Labor  and 
processing  might  double  this  cost  in  ac¬ 
tual  production. 

A  similar  analysis  for  Kevlar  and 
S -Glass  composites  indicates  equal  or 
greater  costs  per  unit  of  energy  storage. 
Thus  wood  appears  to  compete  favorably 
with  these  much  stronger  but  more  expen¬ 
sive  materials. 

POWER  TRANSMISSION 

The  duty  cycle  of  a  flywheel  system 
which  stores  wind  energy  and  subsequently 
generates  electricity  has  two  unique  fea¬ 
tures.  First,  commercially  available  AC 
and  DC  generators  require  a  constant 
shaft  speed  input.*  Thus  the  system  must 
employ  a  continuously  variable  transmis¬ 
sion  (CVT)  in  order  to  retrieve  energy 
from  the  decelerating  flywheel.  Second, 
because  the  availability  of  wind  energy 
is  highly  variable,  the  system  must  be 
designed  for  an  erratic  input  power  cycle. 

The  functional  block  diagram  of  the 
flywheel  storage  system  may  be  viewed  as 
a  power  source  connected  through  a  CVT  to 
the  flywheel;  the  flywheel  is  in  turn 
connected  to  a  constant  speed  electric 
generator  through  a  second  CVT,  Figure  1. 
In  practice,  the  same  CVT  may  be  used 
both  to  accelerate  the  flywheel  and  later 
to  discharge  the  stored  kinetic  energy  to 
the  generator.  Figure  2.  Alternatively, 
the  flywheel  can  be  accelerated  without 
a  CVT  using  a  variable  speed  input  motor 


*Electric  genrators  employing  variable 
speed  input  are  underdevelopment  but  are 
not  considered  here. 
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with  electronic  controls.  This  configu¬ 
ration,  shown  in  Figure  3,  is  employed 
in  our  present  demonstration  model  (dis¬ 
cussed  below).  Gearing  or  belt-pulley 
systems  for  stepping  the  shaft  speeds  up 
or  down  and  overspeed  protectors  are 
suppressed  in  these  diagrams. 


©Flywheel  ^ 

Differentiator 

©Generator  't-k 

Continuously 

®  Tachometer  -  Variable  Transmission 


Fig.  1  -  Functional  Block  Diagram 


(M) 

© 

® 


Flywheel 

Generator 

Continuously 
Variable  Transmission 


Fig.  2  -  Mechanical  Schematic  of  a  Sys¬ 
tem  employing  a  single  contin¬ 
uously  variable  transmission 
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@  Motor 

Flywheel 

@  Generator 

(P)  PARAJUST 

Speed  Control 

ZERO-MAX 

Variable  Speed  Drive 


Fig.  3  -  Mechanical  Schematic  of  the 
demonstration  model 


A  variety  of  electronic,  hydraulic, 
and  mechanical  drives  can  provide  contin¬ 
uously  variable  speed  over  the  range  to 
be  considered  in  the  proposed  flywheel 
system.  Mechanical  drives  seem  to  have 
an  advantage  due  to  cost  (vs.  electronic) 
and  efficiency  (typically  90%  or  better 
vs.  80-85%  for  hydraulic  drives.)  In 
addition,  the  control  of  mechanical  drives 
is  simpler  than  that  of  electronic  drives, 
although  electronic  drives  are  generally 
more  rapid  and  precise. 

Input.  The  input  power  system  must  accel¬ 
erate  the  flywheel  to  its  maximum  opera¬ 
ting  speed  as  the  input  power  fluctuates. 
This  can  be  accomplished  with  a  CVT  regu¬ 
lated  by  a  feedback  control  loop  as  shown 
in  Figure  1.  The  angular  velocity  of  the 
flywheel  input  shaft  is  measured  with  a 
tachometer.  This  signal  is  differentiated 
and  compared  to  signals  proportional  to 
allowable  angular  acceleration  limits. 

If  the  input  power  is  low  it  may  be  de¬ 
sirable  to  disengage  the  flywheel  from 
the  CVT  in  order  to  reduce  friction 
losses.  In  particular,  if  the  power  falls 
off  after  the  flywheel  has  been  accelera¬ 
ted  through  a  portion  of  its  operating 
speed  range  the  torque  available  to  fur¬ 
ther  increase  the  speed  might  be  very 
small.  Alternatively,  if  the  angular 
acceleration,  and  hence  the  torque  applied 
to  the  input  shaft,  exceeds  some  design 
value  the  flywheel  must  be  disengaged  to 
prevent  damage  to  the  shaft,  hubs,  or 
flywheel  itself.  Finally,  when  the  angu¬ 
lar  velocity  of  the  flywheel  reaches  its 
specified  maximum  value,  the  rotor  is 
disengaged  and  the  input  power  can  be 
diverted  away  from  the  energy  storage 
system. 

Output.  The  angular  velocity  of  the  fly¬ 
wheel  varies  as  the  square  root  of  the 
energy  stored  in  the  flywheel.  Since  a 
conventional  constant-frequency  generator 
requires  a  constant  input  shaft  speed,  a 
continuously  variable  transmission  is 
located  between  the  flywheel  and  the  gen¬ 
erator  to  provide  a  constant  input  velo¬ 
city  to  the  generator.  As  shown  in 
Figure  1,  the  input  shaft  velocity  to 
the  generator  is  measured  by  a  tacho¬ 
meter.  The  output  of  this  tachometer  is 
compared  with  a  signal  proportional  to 
the  desired  input  velocity  for  the  gen¬ 
erator.  The  resulting  error  signal  is 
used  to  adjust  the  ratio  of  the  contin¬ 
uously  variable  transmission  in  order  to 
maintain  the  input  shaft  velocity  at  its 
desired  value.  In  practice  the 
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adjustment  of  the  CVT,  for  both  input 
and  output,  can  be  accomplished  using  an 
electronic  feedback  device  which  drives 
a  servo  motor  attached  to  the  CVT  speed 
control  mechanism. 

Safety  and  Efficiency.  In  addition  to 
the  regulating  system  described  above, 
control  is  necessary  for  safety  assur¬ 
ance  and  efficient  operation.  It  may  be 
desirable  to  measure  the  vibration  level 
of  the  flywheel  housing  so  that  if  the 
flywheel  begins  to  fail,  the  increased 
vibration  levels  can  indicate  an  impend¬ 
ing  failure  and  the  flywheel  can  auto¬ 
matically  be  disconnected  to  avoid  dam¬ 
age  to  the  rest  of  the  system.  It  may 
also  be  desirable  to  measure  bearing  and 
flywheel  housing  temperatures  to  help 
detect  incipent  failure  of  the  flywheel. 

The  control  system  can  be  used  to 
maximize  the  efficiency  of  the  various 
clutching  sequences.  Energy  is  lost  as 
heat  when  a  friction  clutch  engages  rota¬ 
ry  elements  with  different  angular  velo¬ 
cities.  The  controls  could  be  used  to 
match  speeds  before  the  clutch  is  engag¬ 
ed,  e.g.,  use  the  motor  to  bring  the 
generator  to  speed  before  discharging 
energy  from  the  rotating  flywheel.  This 
operation,  however,  also  requires  an 
expenditure  of  energy. 

The  flywheel  storage  system 
described  above  consists  of  a  large  num¬ 
ber  of  non-linear  elements.  Under  cer¬ 
tain  conditions  instabilities  or  limit- 
cycle  oscillations  which  could  damage 
the  system  may  occur  unless  the  control 
system  is  carefully  designed.  Thus  it 
is  necessary  to  analyze  the  proposed 
design  using  both  analytical  methods  of 
control  system  synthesis  and  computer 
simulations  to  see  if  the  systems  per¬ 
form  as  intended.  Once  the  theoretical 
design  has  been  completed,  the  control 
system  can  be  constructed  and  tested  as 
part  of  the  overall  system. 

HOUSING  AND  SUPPORT 

In  general,  design  requirements  for 
the  housing  and  support  of  this  system 
are  not  different  than  for  other  flywheel 
applications.  The  flywheel  must  rotate 
in  an  evacuated  housing  to  reduce  wind¬ 
age  losses;  the  housing  must  be  designed 
for  safety  in  case  of  rotor  material 
failure;  bearings  must  be  specified  for 
efficiency  and  service  life;  and  tran¬ 
sient  critical  vibrations  must  be 


controlled.  Some  of  the  unique  aspects 
of  our  system  are  here  discussed  briefly. 

Evacuated  Housing.  Cellulosic  flywheels 
1  to  2  m  (3  to  6  ft.)  in  diameter  might 
rotate  at  up  to  7,000  rpm  and  with  sur¬ 
face  speeds  in  the  range  of  200  m/s 
(Mach  0.6).  A  vacuum  of  10-2  to  10“3  torr 
seems  reasonable  to  sufficiently  reduce 
windage  losses  in  this  speed  range.  This 
vacuum  level  is  obtainable  with  commerci¬ 
ally  available  cryogenic  pumping  systems. 
(Of  perhaps  equal  concern  in  reducing 
windage  is  the  production  of  a  smooth 
surface  on  a  wooden  flywheel . )  Under 
ambient  conditions  commercially  available 
wood  and  wood  products  typically  contain 
7  to  10%  moisture  by  weight.  Thus  initial 
outgassing  may  take  considerable  time. 
Because  of  this  it  may  not  be  practical 
to  permanently  pump  down  a  large  cellu¬ 
losic  flywheel;  periodic  pumping  may  be 
preferable  to  maintain  the  desired 
vacuum  level. 

Many  designs  of  rotary  seals  are 
commercially  available  having  a  wide 
range  of  (mechanical)  efficiencies  and 
costs.  The  trade  off  between  these  two 
factors  will  be  an  important  design  con¬ 
sideration  for  an  operational,  cost 
effective  system.  More  important,  the 
air  leakage  through  the  seals  into  the 
vacuum  must  be  considered  to  compare  the 
energy  expended  in  pumping  versus  the 
windage  losses  for  given  vacuum  levels. 
Such  an  analysis  will  facilitate  proper 
design  of  the  pumping  system  and  selec¬ 
tion  of  seals  for  optimum  energy 
efficiency. 

Because  wood  fails  dynamically  by 
shredding,  burst  containment  for  safety 
is  not  a  critical  design  problem.  Indeed, 
preliminary  test  results  and  analytical 
estimates  of  worst  case  failure  indicate 
that  a  steel  chamber  sufficient  to  hold 
a  vacuum  will  also  sustain  flywheel  fail¬ 
ure.  The  vacuum  pumping  system  must  be 
equipped  with  filters  to  contain  the 
fibrous  debris. 

Bearings.  The  bearings  for  any  flywheel 
storage  system  must  be  chosen  for  effi¬ 
ciency  and  long  life,  and,  in  many 
designs,  be  able  to  operate  in  a  vacuum. 

As  with  the  rotary  seals,  the  cost  effec¬ 
tiveness  of  the  numerous  available  bear¬ 
ings  must  be  considered.  The  total 
weight  of  a  cellulosic  flywheel  may  be 
greater  than  rotors  of  other  materials 
because  of  the  lower  operating  speeds. 
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This,  in  turn,  would  place  the  bearings 
under  large  static  loads.  It  may  prove 
most  practical  to  mount  such  a  heavy 
flywheel  vertically  on  a  gravity  loaded 
thrust  bearing.  A  spherical  spiral 
groove  hydrostatic  bearing  has  been  pro¬ 
posed  as  an  extremely  efficient  and 
durable  design.  (This  bearing  is  not 
currently  commerically  available.) 

Vibration  Control.  Useful  operation  of 
any  flywheel  energy  storage  unit  requires 
a  wide  range  of  operating  speeds.  Ratios 
of  at  least  2  or  3:1  between  the  maximum 
and  minimum  speeds  are  needed  to  with¬ 
draw  75%  or  90%  of  the  stored  energy. 
However,  residual  unbalance  and  asymmetry 
in  the  rotor  and  shafts  may  cause  vibra¬ 
tion  of  the  flywheel.  Elasticity  in  the 
bearings,  shaft  and  supports  will  give 
rise  to  the  critical  speeds  and  unstable 
regions  which  may  lie  in  the  operating 
range  or  which  may  be  encountered  to 
reach  that  range.  Avoiding  these  speed 
regions,  or  controlling  response  as  the 
flywheel  moves  through  them  is  impera¬ 
tive  for  useful  operation. 

Careful  study  and  design  of  the 
shaft,  bearings,  and  supports  are  neces¬ 
sary  to  determine  if  passive  isolators 
can  accommodate  the  operating  ranges  and 
levels  of  acceleration.  The  modelling  of 
the  support  system  may  require  load- 
deflection  and  vibratory  tests  of  the 
supporting  components,  coupled  with 
finite  element  studies  to  ascertain 
parameters  in  a  system  model .  Rotary 
inertia  and  rotational  stiffness  of 
bearings  and  isolators  may  be  required 
as  refinements  to  such  a  model.  The 
range  of  solution  instabilities  has 
already  been  solved  in  the  literature 
for  certain  parameters.  If  additional 
instability  plots  are  required  for  a 
specific  application  they  can  be  genera¬ 
ted  using  automatic  computation. 

Active  vibration  control  of  the 
system  may  be  necessary  or  preferable. 
This  can  be  accomplished  by  either: 

(1)  Rapidly  increasing  power  to  or 
from  the  flywheel  speed  when 
approaching  the  unstable  region  so 
that  the  transition  of  the  unstable 
region  is  rapid  with  the  controlled 
vibration, 

(2)  changing  the  spring  and  damper 
coefficients  of  the  isolators  and 
thus  rapidly  changing  and 

passing  through  the  unstable  regions. 


ECONOMIC  DESIRABILITY 

The  fixed  costs  and  energy  efficien¬ 
cies  of  the  various  portions  of  the  sys¬ 
tem  must  be  considered  in  designing  a 
storage  unit  suitable  for  commercial  pro¬ 
duction.  Cellulose  appears  to  be  cost 
competitive  in  kinetic  energy  storage 
per  unit  cost  of  material.  Production 
of  a  cellulosic  flywheel  will  raise  these 
energy  storage  costs.  Perhaps  of  greater 
interest  is  the  cost  of  the  associated 
input  and  output  power  systems.  If  the 
total  cost  of  electronic  controls,  mecha¬ 
nical  drive  train  and  vacuum  pumping 
equipment  is  on  the  same  order  as  the 
cost  of  the  flywheel,  savings  gained  from 
cellulose  may  be  negligible.  On  the 
other  hand  if  the  cost  of  supporting 
equipment  can  be  made  small  compared  to 
rotor  costs,  cellulosic  rotors  may  prove 
to  be  highly  cost  effective.  This  will 
be  particularly  true  if  the  cost  of  the 
supporting  equipment  is  comparatively 
fixed  as  the  size  or  operating  speed  of 
the  flywheel  is  increased. 

DEMONSTRATION  MODEL 

The  design  and  construction  of  a 
small-scale  demonstration  model  of  the 
system  cited  above  is  currently  in  pro¬ 
gress.  The  goals  of  this  effort  are  to 
make  a  preliminary  investigation  of  the 
technical  practicality  of  such  a  system. 
This  will  provide  a  basic  understanding 
of  the  functions  of  the  various  compo¬ 
nents  within  the  whole  system  which,  in 
turn,  will  facilitate  the  more  sophisti¬ 
cated  design  of  an  efficient,  operational 
system.  This  model  will  be  completed  and 
a  preliminary  evaluation  made  of  its 
performance  by  the  end  of  1977. 

This  system  is  being  constructed  at 
modest  cost  using  conventional,  commer¬ 
cially  available  materials,  hardware,  and 
services.  The  following  discussion 
briefly  describes  our  design,  indicating 
the  level  and  scope  of  our  effort.  A 
comprehensive  engineering  analysis  is  not 
presented  in  this  writing. 

LAMINATED  HARDWOOD  FLYWHEEL 

Flywheel  Fabrication.  A  flywheel  measur¬ 
ing  14  in.  in  diameter  and  15  in.  long 
has  been  constructed  of  solid  birch  ply¬ 
wood.  It  weighs  approximately  60  lbs. 

The  plywood  stock  is  3/4  in.,  7  ply, 
with  90”  crossply.  A  block  of  material 
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was  laminated  using  an  epoxy  adhesive. 

The  necessary  bonding  pressure  was 
applied  with  a  50  ton  hydraulic  press. 

The  cylinderical  shape  was  rough  cut 
with  a  bandsaw,  then  turned  smooth  on  a 
lathe. 

Shaft  Configuration.  The  shafts  are  of 
0.75  in.  hardened  steel  press  fit  into 
aluminum  hubs  6.0  in.  in  diameter  and 
1.0  in.  thick.  Recessed  walls  were 
turned  into  the  flywheel  to  receive  the 
hub,  and  provide  physical  support  in  the 
event  of  adhesive  failure.  Each  end  of 
the  flywheel  is  tapered  to  less  than 
half  the  outside  diameter  to  compensate 
for  the  increased  stress  at  the  hub 
recess. 

The  hubs  are  joined  to  the  rotor 
with  an  epoxy  suitable  for  wood  to  metal 
bonding.  Concentric  alignment  and  bond¬ 
ing  pressure  for  this  process  were 
obtained  using  a  lathe.  After  assembly 
the  shafts  were  turned  for  true  align¬ 
ment  . 

POWER  TRANSMISSION 

The  system  is  accelerated  from  rest 
by  an  electric  motor  regulated  by  a 
solid  state  speed  control  device.  The 
stored  energy  is  retrieved  through  a 
variable  speed  drive  connected  to  an 
AC  generator.  This  configuration  is 
illustrated  in  Figure  3  above.  The  loca¬ 
tion  of  these  components,  their  speeds, 
and  the  ratios  of  the  belt  drives  are 
shown  in  Figure  4.  In  the  operating 
range  of  5,000  down  to  2,000  rpm  the 
indicated  kinetic  energy  storage  of  the 
birch  flywheel  described  above  is  approx¬ 
imately  1  ,000  w  -min. 

Input.  The  flywheel  is  accelerated  by  a 
1.5  hp  electric  motor  in  conjunction  with 
the  Parajust  AC  motor  speed  control  de¬ 
vice.  The  Parajust  is  a  solid  state  con¬ 
troller  which  converts  single  phase  220 
VAC  power  to  3-phase  220  VAC.  By  adjust¬ 
ing  the  frequency  and  voltage  of  the  out¬ 
put  power  the  Parajust  increases  the 
motor  speed  to  the  rated  maximum  while 
maintaining  a  constant  torque  output. 

Output.  The  CVT  employed  is  the  Zero- 
Max  variable  speed  drive.  This  is  a 
purely  mechanical  drive  which  obtains  a 
stepless  speed  change  by  varying  the 
distance  a  one-way  clutch  rotates  an 
output  shaft.  This  variation  is  accom¬ 
plished  by  a  six-bar  linkage  with  an 


Fig.  4  -  Operating  Speeds  and  Drives 
Ratios  of  the  demonstration 
model . 


adjustable  center  pivot.  In  practice, 
several  such  clutch-linkage  mechanisms 
are  mounted  in  parallel,  sequentially 
driving  a  common  output  shaft  to  provide 
smooth  rotary  motion.  The  linkage  geom¬ 
etry  is  such  that  the  Zero-Max  varies  the 
output  shaft  speed  between  zero  and  25% 
of  input  shaft  speed. 

The  generator  in  an  Onan  YCB  with 
120  VAC,  1250  watt  capacity  and  requiring 
3600  rpm  shaft  speed.  The  Zero-Max  drive 
provides  a  constant  shaft  speed  of  180 
rpm  which  is  stepped-up  to  3600  rpm  at 
the  generator.  The  Zero-Max  is  equipped 
with  a  screw  type  speed  control  mechanism. 
A  DC  servo  motor,  regulated  by  a  solid- 
state  feedback  control  system,  operates 
the  mechanism  to  maintain  this  contant 
output  speed. 

Drive  Train.  Locations  of  pulley-belt 
drives  and  clutches  are  shown  in  Fig.  4. 
As  an  indication  of  the  size  of  the  sys¬ 
tem,  the  pulleys  have  pitch  diameters 
ranging  from  3.0  to  8.0  in.;  the  belts 
(cogged  V-belts)  have  centers  ranging 
from  16.0  to  24.0  in. 

Two  electromagnetic  clutches  are 
located  on  a  central  jack-shaft.  In 
conjunction  with  the  Zero-Max  drive,  a 
wide  variety  of  clutching  sequences  are 
possible,  including  speed  matching  be¬ 
tween  the  various  components  before  engag¬ 
ing  a  clutch. 
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HOUSING  AND  SUPPORT  . 

Vacuum  and  Burst  Container.  The  vacuum 
container  has  been  constructed  from  a 
steel  air  compressor  tank.  One  end  was 
cut  off,  pipe  fittings  were  removed,  and 
the  interior  sand-blasted.  The  tank  has 
18.0  in.  outside  diameter,  with  nominal 
wall  thickness  of  0.25  in.,  and  is 
approximately  25  in.  long  outside 
including  one  bowl -shaped  end  of  the 
original  tank.  The  large  end  has  been 
fitted  with  a  steel  flange  0.375  in. 
thick  welded  to  the  tank;  the  flange 
holds  a  steel  end-plate.  A  static  0- 
ring  seal  21.0  in.  in  diameter  is  held 
between  the  plate  and  flange.  A  hole 
for  the  drive  shaft  is  cut  in  the  center 
of  the  plate.  At  the  bowl  shaped  end  a 
removable  bearing  mount  with  a  static 
0-ring  seal  is  inserted  through  a  5.0  in. 
diameter  hole.  This  configuration  allows 
convenient  mounting  of  the  flywheel  in 
the  container  but  does  not  require  the 
shaft  to  protrude  from  both  ends. 

A  burst  containment  ring  0.375  in. 
thick,  17.0  in.  outside  diameter,  and 
22  in.  long  is  tack-welded  to  the  inside 
of  the  vacuum  container.  This  ring  was 
rolled  from  hardened  steel  plate  stock. 

Vacuum  Pumping  System.  A  two-stage  rota¬ 
ry  vacuum  pump  capable  of  maintaining  a 
vacuum  of  10“2  torr  will  be  used.  This 
pump  has  a  capacity  of  5  cfm.  A  sepa¬ 
rate  pump  of  larger  capacity  will  be 
used,  if  necessary,  to  obtain  a  rough 
vacuum  during  outgassing.  The  filter 
will  have  several  sizes  of  steel  mesh 
to  withstand  dynamic  flywheel  failure 
and  contain  the  debris  of  various  parti¬ 
cle  sizes. 

Bearings  and  Seals.  Conventional,  com- 
mercially  available  bearings  and  seals 
have  been  specified  for  the  first  assem¬ 
bly  of  the  demonstration  model . 

Flange-mounted,  self-aligning  ball 
bearing  units  will  support  the  shafts. 
They  will  be  mounted  inside  the  vacuum 
chamber,  requiring  special  lubricating 
oil  having  low  vapor  pressure.  At 
least  two  varieties  of  rubber-mounted 
bearings  will  be  tested  for  vibration 
isolation. 

A  low  cost  rotary  face  seal  will  be 
mounted  on  the  shaft  immediately  outside 
the  vacuum  chamber. 


CONSIDERATIONS  FOR  FUTURE  DEVELOPMENT 

The  design  and  construction  of  a 
residential  size  storage  system  will  re¬ 
quire  more  sophisticated  components  and 
methods  of  fabrication  than  those  employ¬ 
ed  in  the  demonstration  model.  For  examr 
pie,  a  cylindrical  hardwood  flywheel 
possessing  kinetic  energy  of  10^  kJ  (30 
kwh)  while  rotating  at  5,000  rpm  would  be 
approximately  2  m  (7  ft.)  long,  1.5  m 
(5  ft.)  in  diameter,  and  weigh  2500  kg 
(3  tons).  Some  significant  topics  requir¬ 
ing  further  research  and  development  are 
discussed  below. 

FLYWHEEL 

Material .  Many  cellulosic  materials  are 
worthy  of  consideration  for  flywheel 
applications.  Laminating  the  flywheel 
from  thin  veneers,  rather  than  plywood, 
seems  especially  promising.  With  this 
technique  the  interply  angle  between 
successive  laminations  can  be  specified 
for  optimum  strength.  (The  interply 
angle  in  commercially  available  plywood 
is  90°).  Similarly,  laminating  rotors 
from  paper  or  other  pulp  products  may  be 
desirable,  particularly  with  regard  to 
cost.  The  material  properties  and  costs 
of  various  adhesives  must  be  investigated. 

Fabrication.  Laminated  flywheels  are 
assembled  under  pressure  sufficient  for 
bonding;  some  adhesives  require  heat  in 
addition  to  pressure.  A  large  hydraulic 
press  suitable  for  laminating  rotors  up 
to  1  m  long  and  1  m  in  diameter  may  be 
developed  as  part  of  the  research 
described  here.  This  press  may  also  be 
modified  to  align  the  shaft-hub  for  bond¬ 
ing  to  the  flywheel,  as  suggested  above. 

The  technique  of  compressing  wood  in 
order  to  increase  strength  and  specific 
energy  will  be  investigated  as  part  of 
the  research  in  progress.  Tensile  test¬ 
ing  of  compressed  wood  samples  is  under¬ 
way.  Sample  compressed  wood  and  plywood 
disks  will  be  dynamically  tested.  If 
this  procedure  proves  technically  advan¬ 
tageous  for  flywheel  energy  storage, 
consideration  must  be  given  to  commercial 
production  costs,  especially  if  heat  is 
required  during  the  compression  or  bond¬ 
ing  process. 

The  circumferential  and  radial  geo¬ 
metrical  configurations  should  be  inves¬ 
tigated  for  cellulosic  flywheels.  These 
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designs  might  be  well  suited  to  the  long 
fibers  of  bamboo,  which  are  not  readily 
available  in  large  sheets  or  veneers. 

Reliable  techniques  for  dynamic 
balancing  and  surface  polishing  of  cellu- 
losic  flywheels  must  be  developed. 

POWER  TRANSMISSION 

Duty  Cycle.  The  duty  cycle  of  this  stor¬ 
age  system  must  be  carefully  considered 
before  the  design  of  an  operational  sys¬ 
tem  can  be  completed.  In  particular,  the 
availability  of  wind  energy  must  be  stu¬ 
died  (for  the  geographic  area  under  con¬ 
sideration)  and  compared  to  the  demand  so 
as  to  determine  the  typical  duration  of 
the  storage  cycle.  This  will  place  de¬ 
sign  constraints  on  the  efficiency  of  the 
mechanical  components.  The  control  sys¬ 
tem  for  an  operational  residential  stor¬ 
age  unit  must  be  capable  of  the  various 
clutching  and  speed  regulating  sequences 
to  store  the  wind  energy  when  available 
and  to  retrieve  it  upon  demand. 

The  input  power  source  must  be  con¬ 
sidered.  Wind  generating  equipment  can 
provide  electricity  or  direct  mechanical 
power  through  a  drive  shaft.  Both  pro¬ 
vide  challenges  to  the  application  of  the 
wind  generating  device  atop  a  tall  tower, 
e.g. .  heavy  electrical  generators,  long 
drive  shaft,  or  hydraulic  lines. 

The  control  system  might  also  be 
required  to  perform  active  vibration 
control,  as  discussed  above. 

Continuously  Variable  Transmission.  The 
various  CVt  designs  must  be  compared  for 
suitability  to  this  system.  Three  CVT 
designs  will  be  tested  In  either  the 
current  demonstration  model  or  in  a  lar¬ 
ger  (future)  prototype.  The  three  are:  a 
modified  Zero-Max  drive,  the  Kopp  yarlator 
traction  drive,  and  a  variable-pitch 
pulley-belt  drive. 

The  Zero-Max  drive,  discussed  above, 
Is  Inexpensive  yet  has  high  precision  of 
speed  control.  An  Important  advantage  is 
that  the  output  speed  can  be  brought  to 
zero,  thus  allowing  It  to  function  as  a 
clutch.  Among  Its  disadvantages  are  low 
rated  speeds,  jSOO  rpm  Input,  450  rpm  out- 
ut;  and  low  power  rating,  1.5  hp,  of  the 
argest  commercially  available  unit. 

Work  is  In  progress  to  adapt  the  Zero-Max 
to  the  higher  speeds  and  torques  required 
for  residential  storage  systems.  One  of 


the  co-authors  (A.  Erdman)  has  consulted 
with  the  manufacturer  and  was  instrumen¬ 
tal  in  the  design  of  the  1.5  hp  unit,  as 
well  as  a  5  hp  prototype. 8, 9  The  intend¬ 
ed  improvements  to  the  Zero-Max 
include  implementation  of  materials  and 
lubricants  now  used  in  other  types  of 
CVT's,  and  the  strengthening  of  internal 
components  of  the  drive. 

The  Zero-Max  is  not  reversible,  i.e. , 
input  and  output  shafts  are  distinct. 

This  precludes  using  a  single  Zero-Max 
to  both  accelerate  and  subsequently 
decelerate  the  flywheel.  This  is  not  a 
major  disadvantage  since  input  power  may 
be  supplied  electrically,  as  in  the  dem¬ 
onstration  model.  If  direct  mechanical 
power  input  is  desired  the  cost  of  two 
separate  Zero-Max  drives  may  not  be  pro¬ 
hibitive.  Moreover,  this  latter  configu¬ 
ration  may  be  preferable  for  implementing 
the  separate  input  and  output  feedback 
control  systems. 

A  traction  drive  transmits  power 
between  two  rolling  elements  having  smooth 
hard  surfaces.  Because  the  drive  elements 
are  smooth  they  can  be  moved  freely,  pro¬ 
viding  infinitely  variable  speeds.  Until 
recently  these  drives  were  restricted  to 
low  power  applications.  Developments 
over  the  past  few  years  have  provided 
better  steels  and  more  sophisticated 
lubricants  which,  in  turn,  allow  signifi¬ 
cantly  higher  rolling-contact  pressures 
and  greatly  increased  resistance  to 
fatigue  failure.  Commercially  available 
traction  drives  are  now  gaining  popular¬ 
ity  in  industry,  and  are  regarded  as 
practical  power  transmission  systems  for 
heavy-duty  applications  with  long  service 
life.  Traction  drives,  however,  are  more 
expensive  than  other  types  of  CVT's. 

The  Kopp  variator  is  among  the  most 
widely  used  traction  drive  geometries. 
Power  is  transmitted  by  rotating  spheres 
held  between  bevelled  discs  connected  to 
the  input  and  output  drive  shafts.  Tilt¬ 
ing  the  sphere's  axes  of  rotation  varies 
the  circumference  of  the  contact  path, 
and  thus  the  speed  ratio.  This  ratio 
ranges  from  1:3  to  3:1  in  commercially 
available  units.  A  Kopp  variator  is 
manufactured  and  marketed  in  the  United 
States  by  Eaton  Corporation. 

The  maximum  rated  speed  of  the  Kopp 
variator  is  high  enough  (5400  RPM)  to 
allow  direct  coupling  to  the  flywheel, 
thus  eliminating  the  expense  and 
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inefficiency  of  step-up  belt  or  gears. 
Because  it  is  reversible  and  has  a  sym¬ 
metric  speed  ratio  range  about  1:1  it  can 
be  used  both  to  accelerate  the  flywheel 
using  the  motor, and  discharge  stored 
energy  to  the  generator.  This  configura¬ 
tion  has  great  potential  as  an  efficient 
and  durable  flywheel  energy  storage  sys¬ 
tem. 

Belt  drives  employing  variable-pitch- 
pulleys  have  been  widely  used  in  industry 
for  many  years  in  moderate-power  applica¬ 
tions.  They  provide  an  inexpensive  me^d 
of  speed  control  where  high  precision  is 
not  essential  and  the  range  of  speed 
ratios  is  not  large.  Recent  experimental 
data  indicate  that  well  designed  drives 
of  fhis  type  operate  at  efficiencies  over 
90%P  Precise  and  rapid  speed  control  of 
this  device  might  prove  difficult  with  a 
solid-state  feedback  controller.  However, 
because  this  type  of  drive  is  inexpensive, 
durable,  and  readily  available,  testing 
its  performance  will  provide  at  least  a 
minimum  standard  with  which  other  CVT's 
can  be  compared. 

Diagrams  of  the  Zero-Max  and  Kopp 
variator  drives  appear  in  the  appendix. 

Mechanical  Efficiency.  The  power  train 
must  be  designed  and  specified  for  opti¬ 
mum  efficiency  and  cost.  Gears  may  be 
preferable  to  belt  drives  depending  on 
the  speeds  and  torque  loads  of  a  given 
system  design.  The  cogged  V-belt  employed 
in  the  demonstration  model  is  an  efficient 
belt  drive  for  small  loads  but  will  pro¬ 
bably  not  be  suitable  for  a  large  opera¬ 
tional  system.  The  Poly-V  belt,  gaining 
wide  popularity  in  recent  years,  appears 
to  be  an  efficient  and  durable  belt  drive 
suited  to  heavy  loads.  Timing  belts  may 
be  desirable  because  they  do  not  slip  at 
low  speeds,  a  problem  encountered  by 
other  belts  during  the  complete  flywheel 
system  duty  cycle.  Various  belt  and  gear 
drives  should  be  tested  for  efficiency  in 
flywheel  storage  applications. 

A  flywheel  storage  system  employing 
a  single  CVT,  per  Fig.  2,  may  prove 
efficient  by  reducing  the  number  and  size 
of  mechanical  drive  components.  Such  a 
system  could  be  compact  and  could  require 
a  minimum  number  of  step-up  or  step-down 
drive  ratios. 

If  speeds  greater  than  10,000  rpm^ 
are  desirable  for  a  given  application  it 
may  be  desirable  to  have  step-down  gears 


inside  the  evacuated  chamber  so  that  the 
shaft  speed  at  the  rotary  seal  is  low. 
While  this  design  will  increase  the  mech¬ 
anical  efficiency  of  the  seal,  it  may 
prove  difficult  and  expensive  to  assemble. 

HOUSING  AND  SUPPORT 

Evacuated  Housing.  The  pumping  cycle 
must  be  evaluated  with  regard  to  pumping 
capacity  and  energy  consumption, outgass- 
ing  time,  seal  leakage,  and  windage  losses 
at  the  surface  of  the  flywheel.  Experi¬ 
mental  data  should  be  obtained  for  wind¬ 
age  losses  as  a  function  of  rotary  speed 
and  surface  smoothness  for  wooden  fly¬ 
wheels..  Liquid  type  rotary  seals,  e.g. 
centrigual  and  ferro-fluidic,  should  be 
studied.  These  seal  types  have  zero 
leakage  and  very  high  mechanical  effici¬ 
encies.  However,  they  present  design 
challenges  for  other  portions  of  the 
system.  For  example,  the  centrifugal 
seal  must  be  operated  above  a  threshold 
rotary  speed  before  the  chamber  can  be 
evacuated,  placing  a  pressure  differen¬ 
tial  across  the  seal.  This  imposes 
design  constraints  on  the  duty  cycle  of 
the  flywheel.  The  ferro-fluidic  seal 
employs  colloidal  particles  of  ferrous 
material  suspended  in  the  sealing  fluid 
(oil),  which  in  turn  is  held  in  place  by 
the  poles  of  a  permanent  magnetic  housing. 
While  this  is  an  elegant  and  efficient 
design  it  has  very  low  tolerance  for 
shaft  vibration,  imposing  constraints  on 
the  bearing  tolerances  and  on  vibration 
control  needs. 

Vibration  Control.  In  the  research  in 
progress  an  analysis  will  be  conducted 
regarding  the  flywheel  as  a  rigid  rotor 
suspended  elastically  at  the  hubs,  shafts, 
and  bearings.  Empirical  data  from  the 
demonstration  model  will  be  taken  to 
determine  if  this  analysis  can  accurately 
predict  the  critical  speeds.  Further 
study  will  be  needed  to  refine  this 
analysis  in  order  to  employ  it  as  a  design 
technique.  For  example,  it  may  prove 
necessary  to  model  a  cellulosic  flywheel 
as  an  elastic  body. 

Passive  and  active  methods  of  vibra¬ 
tion  control  should  be  investigated  and 
compared  for  various  flywheel  storage 
applications.  Vibration  isolation  appears 
most  practical  at  the  hubs  and  bearings; 
various  materials  should  be  tested  for 
vibration  isolation  and  service  life  in 
this  regard. 
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SUMMARY 


The  design  of  an  operational  flywheel 
energy  storage  system  requires  the  inte¬ 
gration  of  several  technologies.  Further 
investigation,  both  analytical  and  empir¬ 
ical,  is  required  for  a  practical  storage 
system  to  be  fully  developed.  Additional 
evaluation  and  refinement  of  the  design 
will  be  needed  to  make  such  a  system  both 
energy  efficient  and  cost  competitive. 

This  paper  has  discussed  the  design 
of  a  stationary  flywheel  wind  energy  stor¬ 
age  system  of  residential  capacity. 

Among  the  more  innovative  aspects  of  the 
approach  described  are  the  development 
of  a  flywheel  made  of  a  cellulosic  mate¬ 
rial,  and  the  implementation  of  a  mecha¬ 
nical  continuously  variable  transmission 
for  input  and  retrieval  of  energy.  How¬ 
ever,  due  consideration  has  been  given 
to  all  other  aspects  of  the  design  with 
the  goal  of  producing  a  comprehensive, 
operational  kinetic  energy  storage  system. 
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Figures  A1  and  A2  (next  page)  show 
the  geometries  of  the  Zero-Max  and  Kopp 
variator  drives. 
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ABSTRACT 

The  performance  characteristics  of  current  and  future  electric  vehicles  are  examined 
and  compared  to  projected  heat  engine  vehicle  parameters.  The  shortcomings  of  electric 
vehicles  in  the  near-term  time  frame  are  discussed.  It  is  predicted  that  the  all-elec-’ 
trie  vehicle,  even  those  utilizing  flywheels  for  meeting  transient  power  demand,  will  not 
gain  wide  acceptance  in  the  near  future  because  of  degraded  performance  characteristics. 
It  is  indicated  that  the  flywheel  always  improves  performance  and  range  under  certain 
circumstances.  Therefore,  a  hybrid  concept  is  examined  which  the  authors  believe  can 
give  an  enhanced  performance  level  in  the  short  range  future.  This  type  of  vehicle  is 
proposed  as  a  much  needed  transition  system  to  provide  an  evolutionary  change  from  the 
heat  engine  system  vehicle  of  today  to  electric  vehicles  with  acceptable  performance  in 
the  future. 


INTRODUCTION 

OVERVIEW 

Electric  vehicles  (EV's)  are  being 
considered  as  one  alternative  to  the  inter¬ 
nal  combustion  engine  (ICE)  automobile  in 
an  attempt  to  find  a  solution  to  our  grow¬ 
ing  shortage  of  petroleum.  In  order  for 
electric  vehicles  to  have  an  effect  on 
petroleum  usage  they  must  capture  an  appre¬ 
ciable  share  of  the  automotive  market. 

This  paper  will  show  that  electric 
vehicles  utilizing  current  and  near-term 
technology  cannot  provide  the  performance 
comparable  to  their  ICE  counterparts  and 
thus,  their  ability  to  make  a  major  pene¬ 
tration  in  the  automotive  market  place  is 
questionable. 

We  also  intend  to  show  that  this  is 
not  a  static  situation.  The  EV  is  likely 
to  improve  vis-a-vis  the  ICE  and  about 
1990  may  well  be  broadly  competitive.  What, 
then,  can  be  done  today,  utilizing  energy 
storage  technology?  The  transportation  re¬ 
search  group  at  Lawrence  Livermore  Labora¬ 
tory  (LLL)  has  been  concerned  with  this 
issue  for  some  time.  Last  year  our  work 
led  us  to  recommend  combining  storage  de¬ 
vices,  a  battery  and  flywheel,  into  a  hy¬ 
brid  electric  power  system.*^  The  result¬ 
ant  design  utilized  the  key  qualities  of 
each  storage  device  in  an  automotive  power 

*A  joint  effort  with  the  AiResearch  Manu- 
facturing  Company  of  California. 


system.  The  flywheel  addition  provided 
the  EV  with  performance  acceptable  by  ICE 
standards,  and  in  high  speed  urban  driving 
profiles,  the  range  was  increased  over 
that  provided  by  the  corresponding  all- 
battery  system  utilizing  today's  lead-acid 
battery.  While  an  improvement,  the  range 
was  still  far  short  of  that  achieved  by  an 
ICE  vehicle. 

LLL  continued  to  address  this  prob¬ 
lem  and  the  transportation  research  group 
now  believes  there  is  a  solution.  The 
nation  needs  a  transition  vehicle  to 
bridge  the  time  gap  from  today's  ICE  ve¬ 
hicles  to  acceptable  EV's  of  the  1990's. 
This  transition  vehicle  should  perform 
competitively  with  the  ICE  vehicle;  it 
should  bring  about  a  dramatic  reduction  in 
petroleum  consumption  by  automobiles,  and 
it  should  pave  the  way  to  high  performance 
electric  vehicles.  The  concept  of  a  tran¬ 
sition  is  not  new.  Although  the  design 
approach  was  different  from  that  in  this 
paper  Hoffman^  did  discuss  such  a  transi¬ 
tion  vehicle  in  1967. 

Our  transition  vehicle  is  propelled 
by  "QED",  Quasi-Electric  Drive.  By  "Quasi" 
electric,  we  mean  a  power  system  that  is 
not  quite  all -electric.  It  is  an  electric 
drive  system  using  a  flywheel  and  battery 
as  explained  above  which  is  augmented  by 
a  small  heat  engine  when  needed.  The  heat 
engine  is  utilized  to  provide  only  that 
energy  required  for  range  extension  beyond 
that  provided  by  the  batteries  and  flywheel . 
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As  batteries  improve,  the  heat  engine  sys¬ 
tem  contribution  can  be  reduced;  by  about 
the  1990' s,  it  might  be  eliminated. 

While  we  will  explain  the  concept  in 
more  detail  later  in  the  paper,  it  should 
be  understood  that  this  concept  differs 
from  the  usual  concept  of  a  hybrid.  It  op¬ 
erates  as  an  electric  vehicle  most  of  the 
time.  The  battery  and  flywheel  are  re¬ 
charged  from  offboard  sources  primarily. 
However,  if  at  anytime  the  battery  is  dis¬ 
charged  to  a  predetermined  level,  (e.g., 

75%  discharged)  probably  because  of  exten¬ 
ded  range  trips,  the  system  controller 
will  s^/itch  on  the  engine  and  the  vjehicle 
operates  as  the  normal  hybrid. 

SECTION  I 

PROSPECTS  FOR  ELECTRIC  VEHICLES 

Electric  vehicles  have  existed  for  a 
long  time.  In  fact,  at  the  end  of  the  last 
century,  three  types  of  personal  transpor¬ 
tation  vehicles  were  on  the  market.  They 
were  the  electric  car,  the  steam  car,  and 
the  internal  combustion  engine  (ICE)  car, 
the  ICE  was  predominantly  the  spark  igni¬ 
tion  engine  (SIE). 

The  history  of  the  electric  car  goes 
back  at  least  as  far  as  1839  when  it  is 
reported  that  a  Mr.  Anderson  of  Aberdeen 
attempted  construction  of  such  a  car.  In 
1888  and  1891,  respectively,  efforts  were 
made  toward  an  electric  car  by  Fred  Kimball 
of  Boston  and  by  William  Morrison  of  Des 
Moines.  The  first  manufacturer  to  produce 
electric  vehicles  commercially  was  the 
Woods  Motor  Vehicle  Company  in  Chicago. 
Sales  of  electric  passenger  cars  peaked  at 
more  that  4,500  annually  (possibly  up  to 
6,000)  in  the  period  1912-1914. Esti¬ 
mates  of  annual  sales  between  1899  and 
1933  are  plotted  in  Fig.  1.^  Electric 
vehicles  for  commercial  applications  sold 
at  a  rate  of  about  4,000  annually  in  1912. 
The  electric  cars  of  those  times  had  limi¬ 
ted  range  because  of  the  low  energy  density 
of  the  existing  batteries;  it  was  about  32 
kilometers  (20  miles).  Their  speed  was 
low  as  well,  even  for  those  days  -  about 
32  kph  (20  mph)  or  less.  Additionally  it 
took  from  8  to  12  hours  to  recharge  the 
batteries.  Electric  cars  were  also  expen¬ 
sive,  well  beyond  the  reach  of  the  mass 
market. 

The  steam  car  was  inconvenient.  Range 
was  limited  by  the  need  for  frequent  water 
refills.  Starting  the  vehicle  was  a  time- 
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Figure  1  .  Relative  marketability  of  steam, 
electric,  and  ICE  cars  during 
first  third  of  20th  century. 


consuming  chore.  The  vehicles  were  not  a^ 
clean  as  the  electric  vehicle  and  the  com¬ 
bustion  process  combined  with  the  presence 
of  a  pressure  vessel  made  the  steam  car  ap¬ 
pear  to  be  less  safe.  They  were  also  some¬ 
what  unreliable.  Of  course,  all  of  these 
disadvantages  were  diminished  as  a  result 
of  considerable  development  work,  but  by 
then,  the  SIE  car  had  taken  a  commanding 
lead. 

The  SIE  also  started  out  as  a  rela¬ 
tively  dirty,  cantankerous,  unreliable 
power  source  but  it  had  sufficient  poten¬ 
tial  for  long  range  and  high  performance 
at  low  weight  and  reasonable  cost  that  it 
justified  a  lot  of  development  effort.  It 
was  cleaned  up  and  its  reliability  and  ease 
of  operation  were  improved.  The  self¬ 
starter  and  more  recently  the  automatic 
transmission  made  it  even  more  appealing. 
Accompanying  the  improvements  in  the  SIE 
automobile  were  the  developments  in  the 
highway  system  and  in  the  service  station 
infrastructure;  the  latter  providing  vir¬ 
tually  unlimited  range.  As  of  this  time, 
the  SIE  automobile  has  clearly  outdistanced 
its  competition.  ' 
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The  ICE  vehicle  gained  market  super¬ 
iority  over  other  types  of  propulsion  on 
the  basis  of  its  superior  performance. 

Since  that  time,  the  public  has  become 
thoroughly  accustomed  to  its  performance 
standards.  Future  electric  vehicles  will 
have  to  have  performance  good  enough  to 
attract  consumers  away  from  the  ICE  vehi¬ 
cles  of  the  future  in  order  to  penetrate 
the  automotive  market. 

HEAT  ENGINE  AUTOMOBILES-FUTURE  PERFORMANCE 

In  order  to  determine  the  present  and 
future  viability  of  the  electric  vehicle 
it  is  necessary  to  understand  the  base¬ 
line  product  -  the  ICE  vehicle  -  against 
which  the  proposed  new  product  will  be 
judged.  This  future  baseline  vehicle,  it¬ 
self  a  function  of  time,  will  consist  of 
a  future  vehicle  mix  of  various  sizes,  4, 

5,  and  6  passenger  automobiles.^  We  have 
chosen  for  purposes  of  this  paper  the  4- 
passenger  car  from  reference  5  as  our  model . 


In  projecting  the  passenger  car  into 
the  future,  reference  5  contemplated  a 
pattern  of  gradual  change  in  the  baseline 
product  resulting  from  the  conservative 
application  of  technology  and  of  economic 
and  marketing  principles.  Sensitivity 
analyses  were  made  showing  the  effect  upon 
various  end-use  characteristics  (fuel  econ¬ 
omy,  for  example)  resulting  from  various 
combinations  of  basic  parameters  such  as 
acceleration  performance,  structural  de¬ 
sign  and  materials,  engine  design,  type  of 
transmission,  safety  and  damageability 
criteria,  and  emissions  criteria.  In  addi¬ 
tion,  a  number  of  scenarios  were  studied 
assuming  various  times  and  rates  of  intro¬ 
duction  of  new  design  concepts.  No  single 
scenario  was  pointed  to  be  the  one,  unique 
pattern  of  events.  However,  from  our  study 
of  the  results  of  that  investigation,  we 
have  tentatively  arrived  at  what  follows 
as  a  description  of  the  future  4-passenger, 
heat  engine  powered  automobile  (see  Table 
I). 


TABLE  I 

FUTURE  VEHICLE  CHARACTERISTICS 


CA  1980 

Fuel  economy,  km/i  (mpg)  10-14(24-32) 

Power-to-weight  ratio,  kw/kg  (hp/lb)  ~0.07(  0.04) 

Acceleration  performance,  12 

number  of  seconds,  0-97  km/h  (0-60  mph) 


Basic  cruise  speed,  km/h  (mph) 
Maximum  cruise  speed,  km/h  (mph) 
Curb  weight,  kg  (lb) 

GVW,  kg  (lb) 


89(55) 

129(80) 

1134(2500) 

1452(3200) 


Fuel  cost:  1.2-1. 6(2-2. 5) 

cents/kilometer  (cents/mile) 

(Assumes  16  cents/liter  - 
60  cents/gallon  -  for  gasoline) 


CA  1985-87 
13-16(30-38) 
~0.05(  0.03) 

15 

89(55) 

113(70) 

907(2000) 

1225(2700) 

1.0-1.2(1.6-2) 


CA  1995-2000 
16-19+(38-45+) 
~0.03(  0.02) 

20 

89(55) 

105(65) 

862(1900) 

1179(2600) 

~1.0('\.1 .6) 


Range  .  .  .  Limited  between  refuelings  by  size  of  gas  tank  and  fuel  economy. 

Assuming  that  some  fuel  is  held  in  reserve,  320  Km  (200  miles) 
is  fairly  typical.  Existing  infrastructure  provides  quick 
refueling  at  convenient  stops,  resulting  in  essentially  unlimited 
range. 


215 


The  hope  would  be' that  the  heat  engine 
car,  with  innovations  in  powerplant,  trans¬ 
mission,  and  structure  and  with  some  sacri¬ 
fice  in  performance  and  convenience  (and 
probably  comfort  as  well)  would  be  able 
by  the  year  2000  or  thereabouts,  to  pro¬ 
vide  personal  transportation  with  an  im¬ 
provement  in  fuel  economy  of  nearly  75% 
to  100%  when  compared  to  1975  usage.  This 
is  based  on  today's  composite  7.3  Km/1 
(17.1  mpg).  Meanwhile,  it  is  probably 
safe  to  say  that  the  heat  engine  car  will 
continue  to  set  the  standard  of  perform¬ 
ance  and  utility  against  which  other  con¬ 
cepts  must  be  measured. 

SECTION  II 

THE  FUTURE  OF  ELECTRIC  VEHICLES 


The  Battery.  The  limiting  factors  in  elec¬ 
tric  vehicle  acceptance  by  the  consumer 
are  vehicle  performance  and  cost  where 
compared  to  their  ICE  counterparts.  As  we 
have  shown  earlier  in  this  paper  those  were 
the  same  factors  prevalent  around  the  turn 
of  the  century.  However,  with  the  growing 
shortage  of  petroleum  we  must  again  search 
for  alternative  power  systems.  The  battery 
as  'the  primary  energy  source  has  always 
been  the  key  to  the  success  of  the  EV  and 
fortunately  better  batteries  appear  to  be 

coming.  Of  course  the  important  question 
to  be  answered  is  whether  these  batteries 
will  provide  consumer  acceptable  automo¬ 
biles  in  the  near  future  and  if  not,  when 
will  competitive  vehicles  be  available? 

In  the  last  section  we  examined  the  per¬ 
formance  expected  for  the  ICE  vehicle  in 
the  future;  in  this  section  we  will  exam¬ 
ine  the  future  performance  of  electric 
vehicles. 

The  battery  is  the  key  element.  Table 
II  lists  the  characteristics  and  costs  of 
those  batteries  expected  to  effect  the 
future  of  electric  vehicles.  These  bat¬ 
teries  range  from  current  state-of-the-art 
'to  those  in  an  early  experimental  stage  of 
development.  The  relationship  of  specific 
power  to  specific  energy  for  some  of  these 
batteries  is  plotted  in  Fig.  2  and  Fig.  3. 
We  have  divided  the  future  into  three 
stages;  near  term  (now  to  1982),  intermed¬ 
iate  term  (1982  to  1990),  and  long  term 
(beyond  1990).  These  years  indicate  the 
time  frame  in  which  the  batteries  could 
conceivably  be  available  to  the  public  as 
electric  vehicle  batteries.  The  batteries 
and  dates  are  indicated  in  Table  II. 


0  20  40  60  80  100  120  140  160 


Specific  energy,  (Wh/kg) 


Figure  2  . 

Battery  characteristics  for  selected 
near-term  and  intermediate  term 
batteries. 

a)  lead  acid  -  state-of-the-art 

b)  lead  acid  -  improved 

c)  lead  acid  -  projected 

d)  nickel  zinc  -  near-term 

e)  nickel  zinc  -  projected 

f)  lithium  iron  sulphide  -  near-term 

g)  lithium  iron  sulphide  -  advanced 


Figure  3* 

Battery  characteristics  for  selected 
long-range  batteries. 

a)  lithium  iron  sulphide  -  projected 

b)  sodium  sulphur 

c)  lithium  air 
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U. 
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12. 
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100 

200 

35 

_ 

. 

9 

literature  concerning  the  projected  performance  characteristics  of  batteries. 
♦♦Specific  energy  at  listed  specific  power. 


Of  necessity,  we  have  left  out  a  num¬ 
ber  of  possible  contenders  either  because 
the  characteristics  are  not  well  reported 
in  the  literature  or  because  there  is  lit¬ 
tle  or  no  active  development  of  the  batter¬ 
ies  for  automotive  applications  in  the 
United  States.  In  all  cases  involving  in¬ 
termediate  and  long  term  batteries,  the 
uncertainty  of  technical  or  economic  suc¬ 
cess  should  be  kept  in  mind.  However,  it 
can  be  seen  that  the  specific  energy  and 
specific  power  of  batteries  is  expected 
to  increase  considerably. 

The  Future  Electric  Vehicle.  To  determine 
the  type  of  performance  that  can  be  ex¬ 
pected  of  an  electric  vehicle,  we  chose 
as  an  example  the  4-passenger  automobile 
described  in  the  previous  section  and  cal¬ 
culated  its  performance  as  an  electric 
vehicle  using  some  of  the  batteries  listed 
in  Table  II.  The  4-passenger  ICE  auto¬ 
mobile  weighs  864  kg  (1900  lb)  curb  weight 
and  carries  a  payload  of  318  kg  (700  lb). 
This  corresponds  Jto  the  advanced  design 
of  the  previous  section  (ca.  1995-2000). 
This  was  chosen  because  EV  designers  will 
likely  attempt  innovative  concepts.  The 
resulting  GVW  of  the  EV  will  be  different, 
however.  To  determine  this  we  allowed  a 
ratio  (a)  of  power  system  weight  to  GVW 


of  35%.  Starting  with  the  1182  kg  (2600 
lb)  ICE  vehicle,  stripping  it  of  its  ICE 
power  system  (including  a  mass  compounding 
factor  of  30%*^^)  provides  a  base  struc¬ 
tural  weight.  To  this  are  added  an  elec¬ 
tric  power  system  (including  the  30%  mass 
compounding  factor).  For  a  ratio  of  power 
system  weight  to  GVW  of  35%  the  resultant 
GVW  for  the  electric  is  1585  kg  (3486  lb). 
Following  this  we  calculated  the  range 
of  this  vehicle  over  a  modified  SAE  J227 
Urban  Driving  Cycle*  and  at  a  constant 
speed  of  88  km/h  (55  mph)  for  some  of  the 
batteries  listed.  The  vehicle  character¬ 
istics  used  in  this  calculation  are  shown 
in  Table  III.  The  ILL  vehicle  model  was 
utilized  to  calculate  range.  The  results 
are  shown  in  Table  IV.  Since  the  value 
of  a  is  a  function  of  a  more  detailed  de¬ 
sign  effort  than  is  included  in  this  paper 
and  will  have  an  effect  on  performance, 
we  also  list  the  results  for  an  a  =  0.4  in 
Table  IV.  The  resultant  vehicle  GVW  at 
a  =  0.4  is  1800  kg  (3960  lb). 


*That  structural  weight  added  to  support 
the  power  system;  assumes  some  innovative 
design. 

*See  Table  IV  for  explanation  of  driving 
cycle  modification. 
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TABLE  III  ELECTRIC  VEHICLE  SPECIFICATIONS 


Gross  vehicle  weight,  kg  (lb) 

1585 

(3486) 

Payload  weight,  kg  (lb) 

318 

(  700) 

Vehicle  structure  weight,  kg  (lb) 

712 

(1566) 

Vehicle  structure  base  weight,  kg  (lb) 

5A5 

(1200) 

Power  subsystem  weight,  kg  (lb) 

555 

(1220) 

Battery,  kg  (lb) 

448 

(  985) 

Storage  System  Components 
(Motor,  Controller,  Gearbox)  kg 

(lb) 

107 

(  235) 

Power  system  to  gross  vehicle  weight  ratio,  or 

0.35 

_  2  2 

Frontal  area,  A,  m  (ft  ) 

1.86 

(  20) 

Aerodynamic  drag  coefficient. 

0.35 

Rolling  friction  coefficient. 

* 

-3 

★Rolling  Resistance,  =—  W  (1  +  3,3  x  10 

V  +  4.2  X 

lo"^  v^) 

T  =  Coefficient  for  tire  resistance.  Radial  Tires  -  0.9 
K 

W  =  Vehicle  Weight  (kg) 

V  =  Vehicle  Velocity  (km/hr) 


From  these  results  it  can  be  seen  that 
in  the  near  term,  no  electric  vehicle  is 
projected  to  match  the  range  of  the  inter¬ 
nal  combustion  vehicles  over  the  same  pro¬ 
file.  In  the  intermediate  term,  ranges 
exceeding  320  km  (200  mi)  appear  possible. 
Providing  technically  and  economically 
successful  introduction  of  Zn/Cl2  or  Li- 
Al/FeSx  batteries*  is  accomplished,  the 
competitive  position  of  the  EV  will  im¬ 
prove.  The  long  term  batteries  however 
are  expected  to  provide  even  more  compe¬ 
tition. 

In  this  analysis  the  effect  of  regen¬ 
eration  was  not  included.  Another  study 
of  the  value  of  regeneration  for  near  term 

*Some  doubt  exists  that  fused  salt  bat^ 
teries  will  be  available  before  1990.“ 


battery  systems  such  as  the  lead-acid^^ 
indicate  a  range  improvement  of  13.2%  to 
14.6%  over  similar  driving  profiles. 

Adding  a  flywheel  to  the  electric 
drive  train  allows  batteries  such  as  the 
above  to  be  load  leveled,  because  the  fly¬ 
wheel  can  supply  transient  power. 

Most  batteries  suffer  a  reduction 
in  available  capacity  when  subjected  to 
elevated  discharge  rates.  They  provide 
highest  energy  at  modest  power  demands. 

On  the  other  hand,  a  flywheel  can  deliver 
or  re-accept  energy  at  high  power  levels 
without  affecting  its  energy  storage  ca¬ 
pacity.  This  capacity  is  limited  only 
by  the  stress-bearing  capability  of  the 
connected  hardware,  gearing,  shafts,  etc. 
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For  the  electric  vehicle,  the  flywheel 
addition  provides  a  means  of  satisfying 
the  power  demands  of  stop-and-go  perfor¬ 
mance  requirements  that,  time-averaged, 
represent  only  a  modest  continuous  energy 
investment  at  low  power  levels. 

In  the  flywheel /battery  power  sys¬ 
tem,  the  flywheel  is  called  upon  to  augment 
the  battery  during  periods  of  high  current 
demand,  i.e.,  starting,  acceleration  and 
hill  climbing.  The  battery  will  supply 
cruise  and  control  power  plus  the  energy 
required  to  replenish  some  flywheel  losses. 
This  "split  of  energy  demand  is  shown  fig¬ 
uratively  in  Figure  4.  With  battery  power 
demand  stabilized  at  a  low  value,  specific 
energy  is  maintained  near  maximum.  The 
result  is  a  vehicle  with  comparable  acceler¬ 
ation  to  the  ICE  automobile  and  a  range 
increase  on  the  order  of  33%  over  an  all- 
battery  system^ ^such  as  the  above  (this 
advantage  reduces  to  about  17%  had  the 
battery  system  employed  regenerative 


braking)  on  high  speed  urban  driving 
cycles  such  as  the  SAE  J277a(D)  cycle. 

The  flywheel  utilized  was  a  fiber  com¬ 
posite  type  with  an  energy  density  of 
33  W*h/kg  for  the  entire  flywheel  system. 

Even  though  adding  a  flywheel  will  im¬ 
prove  range,  it  will  not  be  sufficient  to 
change  the  overall  result  in  the  near  term 
enough  to  make  electric  vehicles  competi¬ 
tive.  The  value  of  flywheels  in  the  future 
is  expected  to  be  appreciable,  but  depends 
on  the  development  of  advanced  flywheels. 
This  should  be  investigated. 

SECTION  III 

HYBRID  CONCEPTS 

Previously  in  this  paper,  the  QED 
concept  was  introduced  as  a  transition 
vehicle  which  would  allow  advantageous  use 
of  state  of  the  art  batteries  and  which 
could  provide  an  evolutionary  change  to 


TABLE  IV  CALCULATED  RANGE  OF  ELECTRIC  VEHICLES 


SAEJ227  Constant  Speed 

Modified  Urban  88  kph  (55  mph) 


a=  0.35 

a  «  0.4 

a  =  0.35 

a 

«  0.4 

Near  Term  Batteries 

1. 

**Pb/Pb02 

42  (  26) 

58  (  36) 

39  (  24) 

58 

(  36) 

2* 

Pb/Pb02  -improved 

63  (  39) 

82  (  51) 

60  (  37) 

82 

(  51) 

3,  Zn/NiOOH 

Intermediate  Term  Batteries 

124  (  77) 

161  (100) 

122  (  76) 

163 

(101) 

5. 

Pb/Pb02  -projected 

97  (  60) 

129  (  80) 

93  (  58) 

130 

(  81) 

7. 

Zn/NiOOH  -advanced 

177  (110) 

in  (141) 

172  (107) 

228 

(142) 

8.  Li-Al/FeSj^-advanced 
Long  Term  Batteries 

348  (216) 

441  (274) 

336  (209) 

444 

(276) 

10. 

Li-Al/FeS^-pro j  ected 

348  (216) 

441  (274) 

336  (209) 

444 

(276) 

11. 

Na/S 

372  (231) 

470  (292) 

359  (223) 

475 

(295) 

12. 

Li/Air 

800  (497) 

1015  (631) 

794  (481) 

1027 

(638) 

♦The  Modified  Urban  Cycle  used  is  a  combination  of  the  SAE  J227  Residential  and 
Metropolitan  Cycles,  The  combination  was  used  to  include  both  aspects  of  urban 
driving, 

♦♦Numbers  refer  to  those  in  Table  II, 
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I  Flywheel  as 
I  energy  source 


1  Battery  as 
energy  source 


Fig  4.  Specific  energy  as  a  function  of  specific 
power;  battery  and  flywheel.  Load  level¬ 
ing  the  battery  at  low  power  by  allowing 
the  flywheel  to  supply  transient  power 
demands  has  the  effect  of  increasing  the 
effective  capacity  of  the  battery. 


as  a  way  dround  this.  Since  electric  mo¬ 
tors  do  not  have  similar  torque  limita¬ 
tions,  an  electric  motor  working  in  par¬ 
allel  with  the  ICE  and  energized  by  a 
battery  or  a  flywheel  ..{either  can  be 
used  as  the  storage  device)  could  be  used 
to  supplement  low  ICE  torque  when  re¬ 
quired.  When  available  engine  power  is 
not  needed  some  could  be  utilized  to  re¬ 
charge  the  battery,  or  flywheel. 


high  performance  EVs  of  the  1990's.  By 
definition,  QED  is  a  hybrid,  but  a  hybrid 
concept  that  is  quite  different  from  most 
of  the  hybrid  concepts  of  the  past. 

Historically  the  hybrid  was  born  of 
the  necessity  to  improve  the  performance 
of  the  ICE  vehicle. 3  Early  internal  com¬ 
bustion  engines  had  low  torque  character¬ 
istics.  The  parallel  hybrid  was  conceived 
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Another  problem  with  the  ICE  system 
was  the  need  to  shift  a  manual  transmission 
periodically  to  match  engine  output  to 
road  load  requirements.  To  avoid  shifting 
a  better  way  of  load  matching  was  required. 

One  form  of  continuously  variable 
transmission  consists  of  an  electric  gener¬ 
ator  driven  by  the  engine  where  the  genera¬ 
tor  output  drives  an  electric  motor;  coupl¬ 
ing  between  generator  and  motor  is  electric, 
not  mechanical.  Placing  such  a  unit  in 
series  between  the  engine  and  the  differ¬ 
ential  is  the  basis  for  the  "series  hy¬ 
brid".  The  need  for  a  mechanical  clutch 
and  gearbox  are  eliminated;  good  control 
at  all  speeds,  forward  and  reverse,  is 
possible.  A  storage  battery  is  also  util¬ 
ized  to  supply  power  to  the  motor  and  thus 
provide  the  variable  output  desired. 

The  series  hybrid  provides  flexibil¬ 
ity  of  operation  and  control  because  the 
engine  and  the  motor  are  not  mechanically 
coupled,  but  all  of  the  components  must 
carry  the  full  load  and  must  be  sized 
accordingly.  In  the  parallel  hybrid, 
the  motor  processes  only  enough  power  to 
enhance  the  engine  torque  when  required 
for  acceleroition,  hill  climbing,  and  the 
like.  This  fact,  combined  with  the  speed 
variation  obtained  with  the  transmission, 
permits  the  parallel  hybrid  to  use  smaller 
electrical  components  than  the  series  type. 

As  IC  engine  development  continued, 
torque  characteristics  improved  to  the 
point  where  a  hybrid  assist  was  not  re¬ 
quired.  Further,  the  introduction  of  the 
automatic  transmission  obviated  the  need 
for  manual  shifting.  Thus  hybrid  concepts 
were  not  needed  and  never  had  a  major  im¬ 
pact  in  the  market. 

Interest  in  hybrids  was  renewed  in  the 
late  l960'sas  a  result  of  the  increasing 
concern  over  the  emissions  from  the  ICE 
and  the  resulting  atmospheric  pollution. 
Interest  in  the  pure  electric  vehicle  (EV) 
was  also  great  at  this  time  because  it 
promised  to  eliminate  the  ICE.  The  advan¬ 
tages  of  the  hybrid  over  the  EV  were 
superior  range  and  performance,  use  of 
existing  automotive  technology  and  sup¬ 
porting  infrastructure,  and  the  offer  of 
a  gradual  transition  to  the  all-electric 
system. 2 

However,  the  attack  on  ICE  emission 
control  has  been  sufficiently  successful 
so  far,  in  spite  of  cost,  complexity  and 
performance  penalties,  that  the  develop¬ 


ment  of  a  hybrid  has  not  gained  much 
support. 

Now,  increased  awareness  of  the  dif¬ 
ficult  petroleum  situation  has  given  im¬ 
petus  once  again  to  a  consideration  of 
the  hybrid-powered  vehicle.  Many  other 
alternatives  to  the  ICE  and  especially 
to  the  SIE,  of  course,  are  being  consid¬ 
ered.  As  mentioned  earlier,  the  hybrid 
does  offer  good  range  and  performance 
and  the  promise  of  a  smooth  transition 
to  the  all-electric  system.  Both  the 
series  and  parallel  hybrids  offer  savings 
in  fuel  consumption  over  a  straight  ICE 
vehicle^®>^^»^®»^^  because  they  allow 
the  ICE  to  be  load  leveled,  or  nearly  so, 
depending  upon  the  design.  The  electri¬ 
cal  components  supply  power  for  transient 
demands  and  the  ICE  is  then  designed  to 
operate  at  near  minimum  fuel  consumption 
points. 

The  hybrids  that  have  been  discussed 
to  date  in  the  literature  are  thus  de¬ 
signed  to  improve  the  operation  of  the 
heat  engine  system.  Either  they  help 
reduce  emissions,  improve  fuel  economy  or 
improve  some  other  system  characteristic. 
All  these  features  revolve  about  the  on¬ 
board  combustion  engine.  The  electric 
motor,  generator  and  battery  are  used  to 
enhance  performance.  The  hybrid  is  gen¬ 
erally  more  expensive  when  compared  to 
the  pure  ICE  system.  Thus  far,  manufac¬ 
turers  have  opted  for  other  ways  to  im¬ 
prove  performance. 

Hybrids  have  not  been  designed  to 
enhance  electric  vehicle  performance. 

QUASI-ELECTRIC  DRIVE  -  QED 

It  has  been  shown  that  electric 
vehicles  will  begin  to  compete  as  alterna¬ 
tives  to  the  internal  combustion  engine 
vehicle  by  the  late  1980's  or  early  1990' s 
when  batteries  with  sufficient  specific  en¬ 
ergy  become  available.  Until  then,  electric 
vehicles  propelled  by  batteries  of  lower 
specific  energy  are  unlikely  to  be  competi¬ 
tive.  Recent  LLL  analyses  of  the  flywheel - 
battery  powered  electric  vehicle  have  indi¬ 
cated  that  a  vehicle  with  competitive  per¬ 
formance  (acceleration,  etc.)  can  be  de¬ 
signed  if  a  flywheel  is  added  to  the  propul ■ 
Sion  system.  Therefore,  though  improved, 
the  drawback  to  electric  vehicles  at  this 
stage  is  lack  of  sufftcient  range.  Since 
this  lack  of  range  is  caused  by  the  low 
specific  energy  of  the  battery,  the  prob¬ 
lem  then  is  to  enhance  this  battery  char- 
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acteristic.  How  can  this  be  done?  A 
transition  vehicle  is  needed. 

A  promising  way  to  accomplish  this 
transition  is  with  a  car  that  is  essen¬ 
tially  an  electric  car  powered  by  a  hy¬ 
brid  flywheel-battery  power  system  and 
that  in  addition,  employs  a  compact  heat 
engine  to  provide  the  features  discussed 
above  which  cannot  be  supplied  by  today's 
storage  devices.  We  call  this  power  sys¬ 
tem  QED,  Quasi -Electric  Drive,  since  it 
is  essentially  an  electric  system  with  a 
heat  engine  assist.  The  philosophy  be¬ 
hind  this  concept  would  allow  a  gradual 
transition  from  ICE  vehicles  to  EVs  with¬ 
out  any  period  of  reduced  performance  - 
that  is,  limited  performance  vehicles  - 
as  would  be  required  by  any  shift  to 
today's  EVs.  The  QED  operates  as  an  elec¬ 
tric  vehicle  most  of  its  operating  life. 

This  includes  recharging  the  batteries 
by  off-board  sources,  e.g.,  household 
electricity.  The  heat  engine  is  only 
used  when  the  storage  devices  are  unable 
to  propel  the  vehicle  without  exceeding 
preset  limits  on  their  energy  consump¬ 
tion.  This  will  normally  occur  in  exten¬ 
ded  range  missions.  As  batteries  and  fly¬ 
wheels  improve,  the  range  provided  by 
these  storage  devices  will  increase  and 
the  heat  engine  contribution  can  be  re¬ 
duced  accordingly. 

Even  though  this  proposed  Quasi - 
Electric  Drive  vehicle  would  have  a  heat 
engine  for  extended  range  and  emergency 
capabilities,  the  operation  of  the  car, 
as  previously  stated,  would  be  such  as  to 
maximize  reliance  on  the  storage  devices. 

As  shown  in  Fig.  5,  most  trips  (approxi¬ 
mately  75%  of  all  vehicle  miles  traveled) 
made  by  the  average  individual  are  less 
than  80  kilometers  (50  miles We 
will  show  later  that  a  QED  vehicle,  with¬ 
out  the  use  of  its  IC  engine  can  achieve 
an  80  kilometer  range  in  the  near  term.  If 
the  battery  is  fully  charged  after  being 
plugged  into  a  charger  at  home  overnight, 
the  heat  engine  need  not  be  used  at  all  for 
trips  of  80  kilometers  or  less;  and  the  bene¬ 
fits  of  using  central  power  station  electri¬ 
city  are  obtained.  If  an  emergency  arises 
during  the  night,  the  heat  engine  and  gaso¬ 
line  in  the  gas  tank  are  available  for  im¬ 
mediate  service.  On  a  long  trip,  the  battery 
would  be  used  until  it  is  discharged  to 
an  allowable  level  and  then  the  heat  engine 
would  be  activated  and  the  propulsion  sys¬ 
tem  would  operate  as  a  hybrid;  an  "EV" 
without  the  usual  range  limits.  As  pre¬ 
viously  stated,  statistics  indicate  that 


this  hybrid  use  would  only  average  about 
25%  of  vehicle  kilometers  traveled.  Thus, 
in  principle,  QED  could  provide  a  vehicle 
today  that  has  a  marketable  performance 
and  achieves  75%  of  the  goal  of  the  EV  by 
reducing  petroleum  consumption  accordingly.* 
This  is  depicted  in  Fig.  6. 

In  the  flywheel -battery  power  system 
the  effective  specific  energy  of  the  bat¬ 
tery  power  system  is  improved  because  the 
flywheel  acts  as  power  booster  and  absorbs 
power  transients,  thus  load  leveling  the 
battery  at  a  low  power  demand.  This  ef¬ 
fectively  increases  the  battery's  energy 
capacity  and  thus  vehicle  range  in  high 
speed  urban  driving  cycles.  This  can  be  seen 
by  examination  of  Fig.  4.  The  small  flywheel 
addition  can  be  accomplished  without  adding 
power  system  weight.  With  its  utilization, 
other  components  can  be  reduced  in  weight. 

The  power  system  specific  energy  can 
be  further  improved  by  the  addition  of  a 
small  heat  engine  and  fuel  tank  for  an 
equal  weight  of  battery  removed  so  that 
again  the  power  system  weight  remaim  the 
same.  This  is  the  essence  of  the  Quasi- 
Electric  Drive  (QED). 

This  system  is  shown  in  Fig.  7.  It 
is  a  hybrid  system  except  for  the  philos¬ 
ophy  of  operation.  It  is  an  electric 
drive  system  with  a  heat  engine  range  en¬ 
hancer,  whereas  hybrid  systems  previously 
discussed  were  heat  engine  systems  using 
storage  devices  as  fuel  economy  enhancers 
or  to  reduce  emissions.  The  object  of 
the  QED  power  system  is  to  provide  elec¬ 
tric  propulsion  most  of  the  time  and  ex¬ 
tended  range  as  needed  through  the  use  of 
a  small  heat  engine. 

The  operating  principle  behind  QED 
is  simple  enough.  The  vehicle  will  be 
operated  as  an  electric  as  much  as  possible 
and  the  heat  engine  will  only  be  utilized 
to  provide  energy  when  the  battery  is  dis¬ 
charged  to  a  preset  level.  Department  of 
Transportation  statistics  indicate  that 
trips  of  80  km  (50  miles)  or  less  consti¬ 
tute  75%  of  the  vehicle  miles  traveled  in 
the  United  States.^®  If  a  QED  vehicle  can  be 
designed  to  achieve  this  range  electrically 
using  hear  term  storage  technology  and 
if  the  heat  engine  can  provide  the  range 
boost  when  needed,  then  QED  would  appear 
to  be  an  electric  vehicle  option  today 
worth  further  investigation. 

*We  are  assuming  that  electricity  will  not 
be  produced  from  petroleum  sources. 
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Figure  5.  Analysis  of  passenger  car  use.  Distance  traveled  is  the 
measure  of  car  use.  Percentage  distributions  according 
to  trip  purpose  and  trip  length  are  shown. 


To  determine  possible  QED  performance 
we  began  with  the  electric  vehicle  des¬ 
cribed  earlier  which  had  a  GVW  of  1585  kg 
(3486  lb).  We  kept  a  =  0.35  and  added  a 
small  flywheel  system  as  stated  above. 

In  addition,  we  then  substituted  a  small 
heat  engine  and  fuel  tank  for  an  addi¬ 
tional  weight  of  batteries  removed. 

Thus,  the  GVW  and  a  remain  the  same  as 
before.  The  resultant  vehicle  is  des¬ 
cribed  in  Table  VI.  The  heat  engine  and 
fuel  tank  were  sized  to  provide  sufficient 
additional  power  system  energy  at  88  kph 
(55  mph)  so  that  a  range  of  200  miles 
can  be  achieved  before  refueling  is  re¬ 
quired.  Battery  depth  of  discharge 


is  limited  to  75%  to  prolong  battery  life. 
When  this  level  of  discharge  is  reached 
the  power  control  unit  would  be  programmed 
to  switch  on  the  engine.  At  this  point 
the  vehicle  would  operate  as  a  hybrid  with 
the  engine  system  charging  and  discharging 
the  storage  devices*  as  determined  by  road 
load  requirements.  This  would  allow  the 
heat  engine  to  be  load  leveled  thus  im¬ 
proving  its  fuel  economy.  This  opera¬ 
ting  principle  makes  QED  different  from 
other  hybrid  systems. 

*Battery  charge  would  be  maintained  at 
about  the  25%  level.  Full  recharge  would 
be  achieved  by  use  of  offboard  energy. 
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0  Petroleum  100%  Petroleum 

100%  Electric  0  Electric 


Figure  6.  Relative  position  of  vehicle  types  with  respect  to 

dependence  on  petroleum.  QED  vehicle  is  much  closer 
to  all  electric  than  previous  hybrids.’ 


PCU  Power  control  unit 

- e1 ec'  power 

and  signals  IVG  Combined  motor  &  generator 


Figure  7.  Block  Diagram  of  Quasi -El eectric  Drive  (QED) 
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Differential 


Once  the  req'jired  heat  engine  system 
was  determined  the  analysis  was  continued 
to  determine  if  an  "electric"  range  of  50 
miles  or  more  could  still  be  obtained. 

Table  VII  gives  the  results  of  the  analy¬ 
sis.  Again,  as  with  the  electric  vehicle 
analysis  we  have  also  included  the  results 
for  a  vehicle  of  a  =  0.4  weighing  1800  kg 
(3690  lb).  An  electric  vehicle  with  an  a 
of  0.35  can  achieve  the  desired  50-mile- 
range  in  the  near  term  using  QED.  (If 
a  =  0.4,  the  range  far  exceeds  50  mi.) 

The  operating  cost  of  this  system  is 
of  course  a  combination  of  both  electric 
and  petroleum  fuel  costs.  On  the  average 
the  vehicle  will  travel  75%  of  the  time 
electrically  and  25%  of  the  time  on  petro¬ 
leum.  The  effective  fuel  cost  of  the 
vehicle  (a  =  35%)  electrically  is  0.18 
kW*h/km  (0.29  kW*h/mi).i3  /\t  4  cents/kW-h, 
the  cost  is  0.72  cents/km  (1.16  cents/mi). 
At  75%  usage  the  cost  is  0.54  cents/km 
(0.87  cents/mi).  The  cost  of  the  petro¬ 
leum  increment  per  km  (mi)  is*  0.07  liters/ 
km  (0.03  gal/mi).  At  16  cents  per  liter 
(60  cents/gal)  and  used  25%  of  the  time, 
that  is  .28  cents/km  (.45  cents/mi),  the 
average  fuej  cost  for  this  vehicle  is  0.8 
cents/km  (1.3  cents/mi).  This  Compares 


quite  favorably  with  the  ICE  vehicle  of 
ca  1990's  -  1  cent/km  (1.6  cents/mi)  rand 
the  near  term  EV,  0.8-1. 6  cents/km  (1.3- 
2.6  cents/mi).  Of  course  changes  in  fuel 
•cost  with  time  will  alter  these  results. 

QED  can  provide  an  electric  vehicle 
with  competitive  performance  today.  As 
batteries  improve,  the  heat  engine  con¬ 
tribution  can  be  reduced  until  finally  in 
the  1990's  the  vehicle  can  probably  be 
all  electric.  QED  can  allow  the  evolu¬ 
tionary  process  needed  to  shift  from  ICE 
vehicles  to  EV's.  It  can  act  as  a  trans¬ 
ition  vehicle. 

We  have  not  addressed  the  vehicle 
cost.  This  can  only  be  determined  after 
a  more  detailed  design  has  been  accom¬ 
plished.  However,  we  expect  it  can  be 
cost  competitive  with  other  EVs.  The 
determination  of  specific  performance 
parameters  such  as  acceleration,  grade- 
ability,  etc.,  also  await  the  sizing  of 
components  in  a  detailed  design.  Previous 
design  experience  with  systems  involving 
flywheels  as  power  boosters  give  us  con¬ 
fidence  that  the  vehicle  can  be  designed 
to  compete. 


TABLE  VI  QED  VEHICLE  CHARACTERISTICS 


GVW,  kg  (lbs) 

1585 

(3486) 

Power  Systems  Weight,  kg  (lbs) 

555 

(1220) 

Battery*,  kg  (lb) 

386 

( 

848) 

Storage  System  Components**,  kg(lbs) 

107 

( 

235) 

Heat  Engine  Systems*** ****,  kg  (lbs) 

62 

( 

137) 

Power  System  Weight  to  GVW 

0.35 

2  2 

Frontal  Area,  m  (ft  ) 

VO 

00 

• 

1-4 

Aerodynamic  Drag  Coefficient  C^^ 

0.35 

Rolling  Resistance  Coefficient 

**** 

*Pb/Pb02No»2  of  Table  II 

**Motor/generator,  gearbox,  controller,  and  flywheel 

***En'gine  (22HP)  fuel  tank,  cooling,  exhaust  system,  etc. 


****See  Table  III 

*The  caTculated  fuel  economy  of  the'heat 
engine  component  is  14  km/ 1  (32  mpg)  for 
a  =  0.35  and  13  km/1  (30  mpg)  for  a  =  0.4 
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TABLE  VII 


QED  PERFORMANCE 


Range  Electric 

SAE  J227  Modified  Urban  Cycle  km  (mi) 


g  =  0>35  g  =  0>40 
84  (52)  100  (68) 


SECTION  IV 

CONCLUSIONS 

Although  only  conceptual  design  work 
has  been  completed,  QED  appears  to  be  a 
viable  approach  for  near-term  electric 
vehicles.  It  can  provide  electric  vehicles 
today  with  competitive  range  compared  to 
combustion  engine  vehicles.  Performance 
using  flywheel  power  boosting  is  expected 
to  be  acceptable  although  to  determine 
actual  values  will  require  a  more  de¬ 
tailed  sizing  of  components.  The  fuel 
operating  cost  at  today's  prices  is  equal 
to  that  of  all  battery  electric  systems 
using  state-of-the-art  batteries.  If 
QED  vehicles  were  employed  today,  they 
could  dramatically  reduce  petroleum  con¬ 
sumption  by  the  automobile  in  the  United 
States . 
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HIGH  SPEED  FLYWHEELS  OPERATING  ON  "ONE  ACTIVE  AXIS"  MAGNETIC  BEARINGS 


P.C.  Poubeau 

Societe  Nationale  Industrielle  Aerospatiale 
BP.  n°  2  -  78130  LES  MUREAUX  -  FRANCE 


ABSTRACT 

Since  several  years  fl3^heels  appear  as  attractive  devices  for  storage  of  energy 
under  kinetic  form.  The  condition  for  the  validity  of  such  a  system  is  to  realise  suf¬ 
ficient  rotation  and  peripheral  speeds.  It  presents  two  main  aspects  : 

-  the  stresses  in  the  materials  of  the  rotor  with  the  elongation  and  balance  problems 

-  the  bearings  with  wear friction  and  power  dissipation  problems. 

This  lecture  concerns  a  development  which  was  made  in  the  scope  of  satellite 
applications  and  oriented  towards  high  speed  momentum  wheels  realized  with  two  possible 
applications  : 

-  wide  angular  momentum  for  a  low  mass 

-  energy  storage  by  utilisation  of  two  counter  rotating  wheels. 

The  result  of  this  development  was  to  obtain  several  engineering  models  constitu¬ 
ting  small  units  able  to  store  the  energy  under  kinetic  form  with  input  and  output  of 
power  under  electric  form.  The  successful  operation  of  these  models  demonstrate  the 
compatibility,  for  energy  storage  systems,  of  high  speed  rotors  with  a  magnetic  suspension. 
The  particular  characteristics  of  the  magnetic  suspension  and  of  the  rotors  which  were 
developed  are  described  in  this  paper.  These  units  appear  as  feasibility  models  for 
industrial  application  of  energy  storage. 


1  .  INTRODUCTION 

The  flywheels  which  found  utiliza¬ 
tion  since  the  early  times  of  human  activity 
are  always  presenting  high  interest  in 
many  areas.  Their  present  and  foreseen 
possibilities  cover  a  wide  range  of  possi¬ 
bilities  as  well  for  space  as,  for  ground 
applications . 

The  necessity  for  satellite  flywheels 
to  achieve  very  stringent  characteristics 
gave  birth  to  wide  development  efforts 
mainly  oriented  in  two  directions  : 

-  the  magnetic  bearings  which  eliminate 
the  wear  problems  and  the  main  part  of 
the  power  dissipation  occuring  with  other 
types  of  bearings  ;  the  effort  described 
here  was  concentrated  on  "the  one  active 
axis"  type  of  magnetic  bearings  with  the 
radial  centering  performed  passively,  a 


single  axial  servoloop  maintaining  the 
rotor  in  the  axial  direction  ;  this 
concept  is  the  simplest  and  the  most 
reliable. 

-  the  rotor  with  utilisation  of  fiber 
composite  materials  in  different  confi¬ 
gurations  ;  the  result  was  to  obtain  : 
interesting  level  of  energy  per  mass 
unit  involving  sufficiently  high  peri- 
phal  speeds  ;  the  main  piroblems  to  solve 
was  to  provide  the  compatibility  of 
the  rotor  with  stresses  unduced  by  cen¬ 
trifugal  forces  and  simultaneously  the 
stability  of  the  initial  balancing  in 
spite  of  the  rim  elongation. 


Part  of  this  work  was  performed  under  the  sponsorship  of  the  International  Telecommuni¬ 
cations  Satellite  Organization  (INTELSAT)  under  contract  CSC-IS-555.  Views  expressed 
are  not  necessarly  those  of  INTELSAT. 
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The  result  of  this  work  was  to  obtain 
a  completely  integrated  system  including  the 
rotor,  the  magnetic  suspension,  the  motor- 
generator  and  associated  to  the  electronics; 
it  enable  to  introduce  energy  under  electric 
form,  to  store  it  under  kinetic  form  and 
to  recover  it  under  electric  form.  So  it 
constitute  at  a  small  scale,  a  feasibility 
model  of  energy  storage  for  industrial 
applications . In  parallel  the  magnetic 
suspension  can  find  other  applications 
that  flywhells  and  the  developed  rotors 
can  be  utilised  on  other  types  of  bearings 
that  magnetic  bearings. 


2  .  MAGNETIC  BEARING  AND  ASSOCIATED 
SUBSYSTEMS  DESCRIPTION 

The  dominant  and  most  important 
feature  is  the  essentially  passive  nature 
of  the  magnetic  suspension  systems  employed. 
Passive  magnetic  suspension,  i.e.  based 
on  maximal  use  of  permanent  magnets,  is 
used  in  preference  to  alternative  methods 
based  entirely  on  electronically  control¬ 
led  electromagnets,  in  view  of  the  primary 
objective  to  maximise  reliability.  The 
passive  suspension  configuration  adopted 
employs  permanent  magnets  operating  in 
the  attraction  mode  for  radial  centering 
of  the  flywheel  hub,  and  a  single  servo 
driven  electromagnets  actuator  for  axial 
position  control. 

In  this  way,  four  out  of  the  six 
degrees  of  freedom  of  the  suspended  rotor 
are  constrained  passively,  and  only  one 
actively.  The  sixth  degree  of  freedom 
is  the  desired  rotational  motion  of  the 
wheel  which,  of  course,  requires  no 
constraint.  The  realisation  of  the  various 
suspension  and  other  elements  involved 
are  described  separately  below. 

2.1  Passive  permanent  magnet  radial  bearings. 

.  -  u  ilRadial  centering  of  the  rotor  is 
effected  by  means  of  two  permanent  magnet 
radial  bearings,  the  dimensions,  geometry  and 
design  of  which  are  chosen  according  to  the 
specific  requirements  of  each  wheel.  One 
possible  configuration  is  shown  in  Figure  1 . 
Each  bearing  comprises  four  radially  magne¬ 
tized  Samarium  Cobalt  rings  of  segmented 
construction,  fitted  with  soft  iron  pole 
sleeves  on  their  inner  and  outer  curved 
surfaces. 


Oppositely  magnetized  rings  are  attached 
to  the  flywheel  rotor  and  stator  respec¬ 
tively.  The  concentrated  axial  fields  set 
up  in  the  gaps  between  adjacent  pole  ring 
end  faces  give  rise  to  appreciable  radial 
centering  forces  for  quite  small  radial 
displacements  of  the  rotor  with  respect 
to  the  stator.  Radial  stiffnesses  in  the 
order  of  1.5  to  5  x  10^  N/m  per  bearing 
are  easily  achieved  for  quite  small  bearing 
dimensions,  while  ratios  of  radial  stabi¬ 
lizing/axial  destabilizing  stiffnesses  are 
in  the  order  0.5  to  0.25  are  typical. 

A  number  of  constructional  variations 
are  possible.  One  possibility  with  some 
important  constructional  advantages  is  to 
employ  radial  instead  of  axially  stacked 
ring  pairs.  The  latter  configuration  has 
been  adopted  in  more  recently  developed 
wheels . 


FIGURE  1 
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2.2  Active  electromagnetic  axial  bearing 

The  attraction  forces  between  the 
iron  pole  sleeves  in  the  radial  bearings 
give  rise  not  only  to  a  radial  restoring 
effect  but  also  tend  to  de-center  the 
rotor  in  an  axial  direction. 

In  order  to  counteract  these  axial 
de-centering  forces  an  electromagnetic 
axial  bearing  is  employed.  This  bearing 
forms  the  power  element  of  a  servo-loop 
which  automatically  controls  rotor  axial 
position.  Figure  2  shows  the  configuration 
adopted.  A  pair  of  series  connected  iron 
clad  coils  attached  to  the  stator  modulate 
the  field  produced  by  a  radially  magneti¬ 
zed  Samarium  Cobalt  permanent  magnet  ring 
attached  to  the  rotor.  The  direction  of 
the  resulting  force  depends  on  the  direc¬ 
tion  of  current  flow  in  the  coils.  Compared 
with  a  straighforward  electromagnet  with¬ 
out  pectnanent ^magnet lb i as ,  this  arrangement 
produces  much  larger  axial  forces  per 
ampere  turn  and  exhibits  a  nearly  linear 
force  versus  current  relationship. 


PERMAGNENT 
MAGNET 


SERIES 

CONNECTED 

COILS 


"STATOR 

AXIAL  BEARING 


FIGURE  2 


2.3  Axial  servo  loop 

A  block  diagram  of  the  electronic  servo 
loop  used  for  controlling  the  electromagnetic 
axial  bearing  is  shown  in  Figure  3.  The 
system  employed  is  essentially  a  position 
control  scheme  which  keeps  the  rotor  at  an 
axial  position  where  applied  forces  (in  Ig) 
are  exactly  compensated  by  lifting  forces 
due  to  the  permanent  magnets  in  the  radial 
and  axial  bearings.  This  system  has  the 
advantage  of  very  low  suspension  power 
requirements  in  both  Ig  and  Og  operating 
conditions  as  well  as  simplifying  the 
electronic  and  mechanical  realisation.  The 
input  signals  used  are  the  axial  rate  of 
the  suspended  rotor  as  measured  by  a  small 
pick  up  coil  mounted  in  the  wheel  stator 
and  the  current  flowing  in  the  axial  bea¬ 
ring  coils.  A  separate  logic  is  used  for 
initial  lift  off  of  the  rotor. 

The  stability  of  the  system  is  evident 
from  the  root  locus  plot  shown  in  Figure  4. 

By  appropriate  choice  of  the  electronic 
gain  factors  K|  and  K2  all  closed  loop 
poles  are  brought  into  the  left  half  plane. 
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2.4  Radial  dampers 

The  passive  radial  magnetic  bearings 
described  above  may  be  likened  to  almost 
perfect  lossless  springs  as  far  as  their 
radial  restoring  characteristics  are 
concerned.  Together  with  the  rotor  mass 
they  form  an  undamped  second  order  vibra¬ 
tory  system  which  is  excited  by  unbalance 
forces  during  rotor  spin  up  as  well  as 
precessional  torques  at  normal  operating 
speed.  In  order  to  prevent  excessive 
amplitudes  of  rotor  motion  and  the  possi¬ 
bility  of  mechanical  contact  occuring 
between  rotor  and  stator  parts,  radial 
damping  of  the  rotor  motion  must  be  intro¬ 
duced.  The  radial  damping  devices  employed 
are  shown  in  Figure  5.  Each  wheel  contains 
two  dampers,  each  damper  being  made  up 
of  four  permanent  magnet  rings  attached 
to  the  rotor  and  a  copper  disc  attached 
to  the  stator.  Radial  motion  of  the  magnet 
rings  with crespect "to  the  copper  disc 
induces  eddy  currents  in  the  latter  which 
interact  with  the  permanent  magnet  fields 
producing  them  to  yield  the  required 
damping  force.  Rotational  drag  is  small 
due  to  the  azimithal  continuity  of  the 
fields . 


This  type  of  damper  was  selected  after 
extensive  research  involving  a  wide  variety 
of  alternative  damping  methods.  Its  chief 
advantages  are  its  very  effective  damping 
characteristics,  its  nonreliance  on  struc¬ 
tural  deformation  for  its  operation  and 
its  easy  possible  adaptation  at  a  combined 
active  damper/vernier  alignment  device 
by  substituting  the  copper  disc  with  a 
system  of  coils,  if  particular  applications 
require  such  a  vernier  gimballing  effect. 


2.5  Motor 

The  motor  is  of  the  brushless  d.c.  type 
with  electronic  commutation  based  on  high 
frequency  sensing  devices.  The  construction 
is  shown  in  Figure  6.  The  rotating  field 
structure  consists  of  an  iron  ring  fitted 
with  a  number  of  rare  earth  permanent 
magnet  poles.  The  stationary  armature 
comprises  several  coils  of  multistrand 
insulated  conductors  encapsulated  in  an 
epoxy  resin  cylindrical  support.  The  use 
of  ferrous  materials  in  the  stator  armature 
is  specifically  avoided  in  order  that  no 
radial  decentering  forces  due  to  attraction 
between  the  armature  and  field  parts  are 
introduced.  In  momentum  wheels  the  motor 
is  located  at  the  flywheel  hub  while  in 
reaction  wheels  location  at  the  rim  of  the 
wheel  has  been  found  a  more  mass  effective 
solution.  In  both  cases,  the  motors  are 
characterized  by  high  efficiency,  high 
delivered  power  to  mass  ratio  and  very  smooth 
rational  torque  free  of  magnetic  indent 
effects . 


FIGURE  5 


FIGURE  6 
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2.6  Emergency  bearings 

In  order  to  avoid  damage  to  the  ma¬ 
gnetic  bearings  in  the  event  of  a  suspension 
failure  at  high  wheel  speeds  or  excessive 
slewing  rates  being  applied,  an  emergency 
bearings  system  consisting  of  a  dual  pair 
of  angular  contact  dry  lubricated  ball 
bearings  is  provided.  These  bearings  act 
as  both  axial  and  radial  excursion  stops 
and  only  come  into  operation  in  case  either 
axial  or  radial  excursions  become  too  great. 
The  emergency  bearings  are  attached  to 
the  rotor  of  the  wheel  and  are  fitted  with 
contact  touchdown  pads.  This  configuration 
ensures  consistently  smooth  touch-down 
behaviour  even  at  very  high  rotor  speeds. 

2.7  Electronics 

The  electronics  circuits  control  the 
current  in  the  axial  servoloop  actuator 
and  in  the  motor  coils. 

Three  types  of  electronics  have  been  deve¬ 
loped  : 

-  utilisation  of  operational  amplifiers 

-  utilisation  of  discrete  components 

-  utilisation  of  thick  film  hybrid 
electronics . 

3.  ROTORS  DESCRIPTION 

3.1  Overall  concepts 

The  rotor  is  constitued  of  several 
functional  parts  : 

-  the  central  part  which  contains  the 
elements  of  the  magnetic  bearings  and  the 
magnetic  circuit  of  the  motor, 

-  the  rim  which  produces  the  main  part  of 
the  inertia, 

-  the  connexion  between  the  central  part 
of  the  rotor  and  the  rim. 

Two  main  problems  are  in  relation  with 
the  rotor  rim  and  its  connexion  to  the 
centering  rings  : 

-  to  accept  the  stresses  due  to  centrifugal 
forces 

-  to  keep  an  accurate  balancing  :  i.e.  to 
maintain  the  coincidence  between  the  axis 
of  the  rotor  centering  rings  and  the  main 


axis  of  inertia,  with  a  high  level  of 
accuracy.  This  accuracy  will  have  to  remain 
stable  in  spite  of  elongation  due  to 
centrifugal  forces,  of  temperature  varia¬ 
tions,  of  time  effect  associated  to  the 
above  indicated  parameters. 

Several  types  of  rotors  were  developed. 
For  medium  speeds  up  to  15000  rpm  and 
250  m/sec  of  peripheral  speeds  light  alloy 
rotors  were  developed.  They  are  of  interest 
for  producing  angular  momentum  (satellite 
applications)  but  they  do  not  allow  important 
levels  of  stored  energy  for  a  reasonable 
mass . 

For  high  speed'  rotors,  twoomarnttEchnics 
were  utilized  :  the  "subcircular  rotor"  and 
the  "cycloprofile  rotor" 

3.2  Subcircular  rotor 

This  type  of  rotor  was  developed  many 
years  ago.  It  is  designed  on  the  principles 
illustrated  by  the  following  picture. 

Subcircular  shape  of  the  wires 
under  centrifugal  forces 


APPLICATION  OF  FORCES  IN  A  SUBCIRCULAR 
ROTOR 


The  central  part  of  the  rotor,  shaft  or 
hub,  is  equiped  with  several  thick  spokes. 
The  filament  material  constituting  the  rim 
is  wound  along  a  polygonal  shape.  During  the 
rotation^  the  elongation  of  the  wire  under 
centrifugal  forces  gives  to  the  rim  a  shape 
between  the  polygone  and  the  circle. 
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The  resulting  forces  applied  on  the  spokes 
are  compressing  the  spokes.  If  the  rim 
was  initially  circular,  the  force  on  the 
spokes  should  be  a  traction  which  for 
many  reasons  is  not  favorable  to  the 
stability  of  the  balancing. 

If  necessary,  the  initial  shape  can 
be  situated  between  the  polygonal  form 
and  the  circular  form  (winding  over 
mandrels  between  spokes) .  Two  rotors 
of  that  type  were  studied  and  designed 
in  1970  and  1971  manufactured  in  1972 
and  tested  up  to  18000  rpm  in  1973  and 
1974.  Their  rim  was  made  of  steel  wire 
for  the  one  and  of  steel  strip  for  the 
other  ;  the  central  shaft  was  in  steel 
(rotation  on  ball  bearings)  and  the 
spokes  were  in  aluminium  alloy) . 


3.3  Cycloprofile  rotors 

This  solution  was  mainly  utilized 
for  rotors  in  which  the  mechanical  connexion 
between  the  rim  and  the  central  hub  has 
to  be  as  hight  as  possible  (high  speed 
momentum  wheels  for  satellites) . 

The  rotor  consists  of  three  parts  : 
an  aluminium  alloy  hub  that  is  used  as 
interface  between  the  filament  rotor 
assembly  and  the  rotor  shaft,  a  circumfe- 
rentially  wound  filament  rim,  and  the 
cycloprofile  envelope  windings  that  attach 
the  rim  to  the  hub.  The  rim  is  wound  about 
a  mandrel.  After  curing,  the  mandrel  and 
rim  are  finish  machined.  The  envelope 
winding  consists  of  two  layers  of  filament 
tape.  After  the  tape  is  cured,  the  mandrel 
is  washed  away.  Several  complete  rotors 
have  been  fabricated,  in  glass  fiber, 
in  carbon  fiber,  and  in  KEVLAR  49'".  These 
rotors  were  designed  to  be  operated  with 
the  magnetic  suspension  described  previously. 
Nevertheless,  the  same  cycloprofile  technics 
were  applied  to  realize  a  30000  rpm  rotor 
in  glass  fiber  epoxy  adapted  on  a  shaft  ; 
it  was  designed  for  potential  application 
to  a  hoist  flywheel  and  tested  up  to 
30000  rpm.  It  is  presented  in  the  annexed 
photo . 

Kevlar  49:  Dupont  de  Nemours  trade  mark 


3.4  Some  magnitude  orders  for  flywheels 

parameters 

In  a  "thin  rim"  (thickness  about  one 
tenth  of  the  diameter)  as  it  is  the  case 
in  the  described  concepts,  the  stress  in 
the  rim  is  : 

a  =  p  v2 

were  p  is  the  specific  mass  of  the  rim 
material  and  V  the  mean  peripheral  speed. 

In  addition^there  is  to  consider,  for  a 
composite  filament-resin  rim,  that  the 
resin  is  the  origin  of  an  additional  stress 
for  the  filament.  The  following  table  giyes 
order  of  magnitude  of  the  stresses  and  of  the 
elongations  for  different  peripheral  speeds; 
the  ultimate  tensible  strengh  and  elasticity 
modulus  of  the  materials  are  also  indicated 
(orders  of  magnitude) . 
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Another  interesting  order  of  magnitude 
is  given  by  the  comparison  of  the  energy 
stored  in  a  flywheel  with  another  type  of 
energy  :  for  exmple  let  us  suppose  that  a 
flywheel  with  a  thin  rim  of  1 0  Kg  on  a 
diameter  of  62  cm  rotates  at  30000  rpm 
and  is  utilised  on  a  giant  hoist  opera¬ 
ting  without  losses.  The  energy  of  the 
10  Kg  of  rim  rotating  at  a  peripheral  speed 
of  1000  m/sec  would  be  able  to  take  up  to 
5000  meters  of  height  a  mass  of  100  Kg. 
Obviously  this  example  is  just  given  as 
a  comparison  of  the  two  different  physical 
aspects  of  this  energy  but  it  indicates 
clearly  the  wide  amount  of  energy  which 
can  be  stored  in  a  small  mass  rotating 
at  high  speed  ;  even  whith  energy  conver¬ 
sion  efficiencies  far  under  one,  it 
appear  many  possibilities  of  application. 

Several  aspects  are  pointing  out 
from  these  orders  of  magnitude  : 

-  the  concept  of  the  rotor  has  to  accomo¬ 
date  with  the  important  elongations 
which  are  involved,  particularly  at  the 
balancing  point  of  view 

-  the  long  term  operation' which  will  be 
generally  requested  for  energy  storage 
systems  will  necessitate  a  relatively 
high  safety  margin  between  the  working 
stresses  and  the  ultimate  tensile 
strengh. 


4.  CHARACTERISTICS  OF  HIGH  SPEED  FLYWHEEL 
DEVELOPED  FOR  SPACE  APPLICATIONS 


The  first  flywheel  with  these  charac¬ 
teristics  (high  speed  momentum  wheel)  was 
developed  under  INTELSAT  IS  555  contract 
and  delivered  to  COMSAT  Laboratories. 

Three  others  are  under  in-house  ope¬ 
ration  for  preparing  kinetic  energy  storage 
systems  for  satellites  and  for  general 
Research  and  Development  effort  in  high 
speed  fl5nArheels. 

5.  CONCLUSION 


The  main  characteristic  of  the  equip¬ 
ments  described  here  is  the  availability 
of  a  complete  unit  able  to  store  electric 
energy  under  kinetic  form  and  to  deliver 
this  energy  under  electric  form  with  two 
particular  aspects  : 

-  the  operation  at  angular  and  peripheral 
speeds  in  a range  which  is  of  interest  for 
energy  storage  at  industrial  level 

-  the  operation  of  the  rotor  with  a  magnetic 
suspension  which  eliminates  wear  and  fricT 
tion  problem  ;  this  magnetic  suspension 
with  only  "one  active  axis"  is  the 
simplest  and  the  most  reliable  which 
exists . 

For  these  reasons,  the  models  and 
subsystems  were  developed  can  give  bitth 
to  industrial  equipments  with  higher  storing 
capacity,  for  a  very  wide  range  of  appli¬ 
cations  . 


Stored  energy 

Recoverable  energy 

Rotation  speed 

Radial  stiffness 

Axial  stiffness 

Bearing  critical  frequency 

Motor  torque 

Steady  state  power 

Diameter 

Height 

Mass 


150 

000 

Joules 

80 

000 

II 

24 

000 

rpm 

1.8 

.  105 

N/m 

1  .1 

.  10^ 

N/m 

25 

Hz 

0 

.05 

N/m 

20 

Watts 

350 

mm 

210 

mm 

10.5 

Kg 

REFERENCES 


1  .  Magnetic  bearing  momentum  wheel 

by  C.J.  PENTLICKI  -  COMSAT  Laboratories 

Clarksburg,  Maryland 

and  P.C,  POUBEAU  -  AEROSPATIALE 

Les  Mureaux,  France 

AIAA/CASI  -  6th  Communications 

Satellite  Systems  Conference 

Montreal,  Canada  -  April  5-8,  1976 


2.  Development  of  a  satellite  flywheel 
family  operating  on  "one  active  axis" 
magnetic  bearings 

by  P.  C  POUBEAU  -.AEROSPATIALE  -  France 
1 1 th  Aerospace  Mechanisms  Symposium 
NASA-Goddard  Space  Flight  Center 
Greenbelt,  Maryland  -  April  28-29,  1977 


235 


> '  ■  ■ 


TEST  BENCH  AND  BREADBOARD  MODEL  FOR  KINETIC  ENERGY  STORAGE 


DESIGN  DEFINITION  OF  A  MECHANICAL  CAPACITOR* 


E.W.  Schlieben 
Von  Research 
Trenton,  N*J, 

R.D.  Scott  and  T.D.  Michaelis 
RCA  Corporation 
Camden,  N.J. 


ABSTRACT 


Mechanical  Capacitor  is  a  NASA  originated  descriptor _ for  a  special 
form  of  electro-mechanical  energy-storage  system,  comprising  a  magnetically 
supported  energy  wheel  (flywheel)  coupled  to  the  electrical  supply  and  the 
load  by  an  integral  motor-generator  and  a  separate  power-conditioning 
system. 


This  paper  contains  the  results  and  some  details  of  a  design  study  and 
supporting  analysis,  perfoarmed  by  RCA  for  the  NASA-Goddard  Space  Flight 
Center,  of  a  complete  Mechanical  Capacitor  system  for  terrestrial  applica¬ 
tion.  The  study  addresses  a  system  rather  than  the  wheel  component  alone. 


Two  structural  configurations,  with  energy  densities  of  more  than 
40  Wh/lb,  and  four  motor-generator  configurations  were  analyzed.  The  wheel 
was  treated  as  a  gyroscopic  body  supported  by  a  three-axis,  active  suspen¬ 
sion  system.  Five  degrees  of  freedom  are  controlled. 


System  power  and  energy  losses  were  estimated  for  one  cycle  of 
operation. 


INTRODUCTION  NASA  and  RCA  have  addressed 

these  possibilities  in  earlier  studies 
There  is  growing  interest  in  and  experimental  programs.  Their  coh- 

the  use  of  energy  wheels  (flywheels)  elusions  appear  in  technical  notes 
as  storage  devices.  This  interest  and  papers  ^,^,3  these 

stems  from  the  expectation  that  and  other {studies^  indicated  that 

light,  high-strength  fibers  can  be  the  orthotropic  thin  rim  is  one  of 

used  in  specially  designed  wheels  to  the  most  efficient  types  of  rotating 
store  more  energy  per  pound than  mechanical  devices  for  energy  storage, 

flywheels  made  of  high-strength  with  energy  densities  (stored  energy 

steels  or  other  stores,  such  as  bat-  per  unit  weight)  of  50  to  70  IVh/lb 
teries.  It  is  possible  that  light-  expected, 
weight  mechanical  energy  stores  may 

show  significant  cost  savings  be-  However,  this  conclusion  arises 

cause  of  the  reduced  weight  of  ma-  from  the  examination  and  analyses  of 

terials  used,  long  life,  and  the  the  rotating  element  only  and  does 

economic  advantage  of  weight  savings  not  inc!|.ude  the  total  system  per- 

in  systems  to  which  they  may  be  formance  of  the  energy  store, 

applied. 


*This  work  was  performed  under  the 
Center,  under  Contract  NAS5-236 50, 
period  June  1976— April  1977. 


auspices  of  the  NASA  Goddard  Space  Flight 
and  reported  in  the  Final  Report  for  the 
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The  study  reported  here  was  es¬ 
tablished  by  NASA  to  examine  a 
specific  thin-rim  energy  wheel  con¬ 
cept  in  detail  and  determine  the 
technical  and  economic  feasibility 
of  its  application  in  a  baseline 
reference  application.  This  paper 
summarizes  the  more  significant  con¬ 
clusions  from  the  study,  including 
expected  performance  capabilities 
and  limitations. 

BASELINE  PERFORMANCE  REQUIREMENTS 

In  order  to  provide  a  frame¬ 
work  within  which  to  specify  and 
evaluate  the  system  design,  a  24- 
Jhour  cycle  was  defined  for  energy 
storage  and  power  rate,  as  shown 
in  Fig.  1.  It  describes  a  10  k\Vh 
storage  system,  capable  of  dis¬ 
charging  at  a  maximum  rate  of  15  kW. 
The  wheel  speed  varies  from  full  to 
50%  of  full  speed  (75%  depth  of  dis¬ 
charge)  .  The  charge  period  is  8 
hours,  at  constant  wheel  accelera¬ 
tion.  The  coast  period  is  6  hours 
and  intermittent  loads  are  supplied 
with  up  to  10%  maximum  power  during 
the  next  9  hours.  The  wheel  speed 
is  then  at  60%  of, full  speed.  In  the 
last  hour,  full  power  is  taken  from 
the  wheel  for  a  short  interval  until 
the  wheel  speed  is  reduced  to  50%  of 
full  speed. 


POWER 


Fig.  1.  Mechanical  Capacitor  power 
and  energy  profiles;  24- 
hour  cycle. 


In  addition,  other  goals  for 
system  performance  were  set,  in¬ 
cluding  the  following: 

-  Maximum  energy  density  for  the 
rotor,  afforded  by  near-term 
technology. 

-  Turn  around  efficiency 
(energy  out/energy  in)  over 
60%. 

-  Overload  survival  (1  second) 
greater  than  300%  of  rated 
power. 

-  Survival  for  worst-case 
seismic  load. 

-  Minimum  magnetic  losses  for 
support  bearings  and  motor- 
generator. 

REFERENCE  DESIGN 

GENERAL 

In  order  to  minimize  the  total 
volume,  weight,  and  avoid  the  use  of 
shafting,  the  motor-generator  was 
designed  to  be  an  integral  assembly 
with  the  rotor.  The  magnetic  bearings 
were  treated  likewise.  The  inner 
diameter  (ID)  of  the  rotor  was  there¬ 
fore  sized  to  support  the  centrifugal 
load  of  the  motor  and  bearings.  Ma¬ 
terial  selection  included  graphite 
fiber  reinforcement  at  the  ID  to 
minimize  radial  growth.  Conceptually, 
the  structure  was  of  the  form  shown 
in  Fig.  2. 


Fig.  2.  Rotor  concept. 


242 


The  magnetic  bearing  acts  on  a 
chamfered  surface,  providing  both 
radial  and  axial  centering  forces  at 
the  same  surface.  The  motor- 
generator  is  a  dc  ironless  armature 
typ^  of  construction. 

An  advantage  of  this  approach 
is  the  inherent  stiffness  of  the  cen¬ 
tral  annular  mounting  structure,  which 
can  be  based  on  a  tubular  column. 

The  central  core  may  be  hollow,  and 
can  be  used  to  package  electronic 
components  if  desired. 

ROTOR  AND  MAGNETIC  STRUCTURES 

Two  energy  wheel  structures 
were  designed  and  analyzed; 

1.  A  prestressed  solid  multi¬ 
ring  wheel,  which  will  be 
referred  to  as  the  NASA 
configuration^ • 

2.  A  multi-ring  wheel  with 
light-weight  fillers  between 
the  rings,  which  will  be  re¬ 
ferred  to  as  the  RCA  con¬ 
figuration. 

The  NASA  configuration  comprises 
prestressed  circumferentially  wound 
rims  with  no  fillers.  The  RCA  con¬ 
figuration  comprises  separate  rims 
with  honeycomb  fillers.  The  honey¬ 
combs  does  not  contact,  the  rim 
directly  but  is  bedded  in  an  elas¬ 
tomer  as  shown  in  the  detail  in  Fig. 

3.  The  function  of  the  elastomer  is 
to  accommodate  changes  in  the  radial 
direction  between  rims  as  the  wheel 
speed  changes. 


'  With  the  prestressed  construc¬ 
tion,  the  radial  tensile  stresses 
can  be  reduced  sufficiently  so  that 
the  maximum  fiber  stress  can  be 
realized,  even  though  the  wheel  may 
have  an  ID/OD  path  of  the  order  of 

0.5. 

By  use  of  a  very  lightweight 
filler,  on  the  other  hand,  the  ID/OD 
ratio  can  be  reduced  to  0.5  -  for 
structural  reasons  -  while  holding 
radial  stresses  to  values  allowable 
for  honeycomb  (order  of  500  psi) . 

Both  wheel  designs  show  ex¬ 
pected  ultimate  energy  densities  of 
approximately  50  Wh/lb,  including 
the  iron  mass  required  for  support 
and  motor-generator  elements.  This 
value  does  not,  however,  reflect 
derating  for  allowances  for  manu¬ 
facturing  process,  material  property 
uncertainties,  and  the  like. 

SUSPENSION 

The  electromagnets,^  comprising 
part  of  the  magnetic  suspension  sub¬ 
systems,  are  shown  in  Fig.  4.  These 
are  biased  electromagnets  with  in¬ 
tegral  permanent  magnets  that  pro¬ 
vide  a  'bias*  field  across  the  gaps 
that  can  be  modulated  by  coil  cur¬ 
rents.  Coil  currents  variation  with 
the  electromagnet  force  is  fairly 
linear.  The  suspension  has  the 
following  features  or  capabilities: 

-  Support  twice  the  rotor  weight 

-  Conical  bearing 

-  All-active  axes 

-  Biased  magnetic  field 

-  Symmetrical  surface  sensing 


Fig.  3.  Comparison  of  prestressed 
and  honeycomb  rims. 


Fig.  4 .  Electromagnetic 
suspension 
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The  block  diagram  of  the  sys¬ 
tem  is  shown  in  Fig.  5.  Five  de¬ 
grees  of  freedom  of  the  wheel  are 
conifrolled  by  the  system  (three 
translation,  two  rotation) .  Six 
displacement  sensors  (five  and  one 
redundant)  are  needed  to  determine 
all  motions.  The  sensors  measure 
displacements  (gaps)  normal  to  the 
bearing  surface.  The  system  is 
stable  for  the  rigid  wheel.  It  is 
recognized  that  stability  of  the 
wheel  as  an  elastic  body  will  ulti¬ 
mately  have  to  be  determined. 

% 


- ->  LOOP  STIFFNESS  SIGNAL  STEERING  BEARING 

DISPLACEMENT  SENSORS  &  COMPENSATION  &COIL  DRIVERS  COILS 


Fig.  5.  Suspension  system  block 
diagram. 

MOTORS 

Four  motor-generator  configura¬ 
tions  and  four  variants  were  ex¬ 
amined  instead  of  the  two  proposed 
configurations  (a  hcmopolar  and  a 
dc  torquer) .  The  basic  configura¬ 
tions  are  shown  in  Fig.  6.  The 
upper  sketches  are  cross  sections  of 
the  inner  rim  of  the  energy  wheel. 
The  lower  sketches  are  views  looking 
radially  from  the  'wheel  axis  of 
rotation.  Two  motor-generator  con¬ 
figurations  have  fixed  fields,  and 
the  others  variable  fields.  In  the 
first  two,  the  generator  voltage 
varies  2:1  with  wheel  speed.  In  the 
others,  the  field  can  be  varied  to 
maintain  constant  output  voltage. 

A  trade  must  be  made,  taking  into 
account  the  effept  on  the  power- 
conditioner  subsystem  design,  motor- 
generator  losses,  wheel  dynamic 
stability,  weight,  and  cost.  Con¬ 
figuration  2A-1  was  considered  as 


the  optimum  selection.  This  is  a 
three-phase,  delta-connected  motor- 
generator  operating  at  a  high  com¬ 
mutation  rate  with  a  permanent- 
magnet  field  structure  carried  on  the 
wheel  and  the  ironless  armature  sup¬ 
ported  by  the  fixed  structure. 

Power  losses  were  estimated  for 
each  configuration;  results  of  cal¬ 
culations  for  configuration  2A-1 
(Fig.  6)  are  shown  in  Table  1. 

POWER  CONDITIONING  SUBSYSTEM 

The  subsystem  requirements  were 
refined  during  the  study  to  include 
the  following  assumptions  and  state¬ 
ments  : 

-  Supply  and  load  3  J2f,  110/220  V 

-  Supply  has  infinite  tolerance 
for  converter  reactive  volt- 
ampere  demand  and  converter- 
injected  harmonics 

-  Parallel  tie-line  operation 

-  Motor  harmonic  impedance  high 

-  No  filtering  between  con¬ 
verter  and  motor-generator 

Motor  configuration  2A-1  (Fig. 

6)  was  used  for  the  analysis. 

The  high  frequencies  involved 
and  the  high-efficiency  requirement 
leads  to  a  double-conversion  tran¬ 
sistor  voltage  and  current  fed 
scheme  as  shown  in  Fig.  7.  The  cost 
of  this  system  in  the  1980-1985 
time  frame  is  likely  to  be  very  high 
and  becomes  a  principal  consideration 
in  the  application  of  energy  wheels. 

SYSTEM  EFFICIENCY 

System  efficiency  is  defined  for 
a  24-hour  cycle.  The  ratio  of  energy 
extracted  to  that  supplied,  for  the 
24-hour  cycle,  should  be  greater  than 
60%.  The  primary  losses  in  the 
energy  wheel  system  are  caused  by  the 
magnetic  suspension,  the  motor  genera¬ 
tor,  and  the  power  converter. 

For  the  combined  system,  the 
operating  energy  loss  can  be  derived 
as  a  function  of  the  charge-discharge 
schedule.  For  the  profile  shown  in 
Fig.  1,  Table  2  results. 
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Fig,  6.  Mechanical  capacitor  motor-generator  configurations. 


Thus,  the  turnaround  efficiency 
is  compromised  severely  by  the  power 
conversion  equipment  as  presently 
available. 

FURTHER  DEVELOPMENT 

The  preliminary  analysis  and 
design  of  the  mechanical  capacitor 
required  a  number  of  assumptions 
concerning  material  properties  and 
dynamic  behavior  for  the  rotor  and 
magnetic  systems.  It  is  recognized 
that  a  number  of  technical  issues 
must  be  addressed  by  analysis  and 
experiment  before  a  fully  operating 
system  can  be  developed  as  a  general 
product.  Following  is  a  short 
review  of  the  more  important  prob¬ 
lem  areas ; 

RHEOLOGICAL  BEHAVIOR  OF  COMPOSITES 

The  behavior  of  some  of  the  proposed 
materials  (Kevlar,  graphite  fiber. 


and  epoxy  or  elastomer  composites) 
is  not  fully  understood.  Thus  loads 
imposed  on  the  wheel  during  cycling 
may  cause  plastic  flow  and  consequent 
unbalance.  If  deformations  are  sigt* 
nificant,  wheel  unbalance  can  in¬ 
crease  with  time,  requiring  constant 
monitoring  and  rebalancing. 

MAGNETIC-STRESS  INTERACTIONS 

Both  soft  and  hard  magnetic 
metals  exhibit  changes  in  magnetic 
properties  when  stressed.  The  be¬ 
havior  of  these  metals  must  be  de¬ 
termined  to  know  whether  the  stresses 
impair  their  magnetic  performance  to 
an  unacceptable  degree. 

MAGNETIC  QUALITY 

Rare-earth  magnets  are  subject 
to  manufacturing  anomalies,  including 
micro-cracks,  non-uniform  magnetic 
structure,  variation  in  magnetic 
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Table  1.  Power  loss  Summary;  M-G  2A-1  and  suspension. 


Charge 
From  50%  to 
100%  rated 
Speed  in  8 
hours 

Coast 
Zero  Input 
&  Output 
Power  for 

6  hours 

Low  Power 
Intermittent 
Op.  at  10% 
rated  power 
to  60%  Rated 
Speed  in  9 
hours 

High  Power 

15  kW  (rated 
power)  Dur¬ 
ing  last 
hour  down  to 
50%  speed 

1.  Suspension 

-  Electromagnets 

2 

I  R 

11.31 

11.31 

11.31 

11.31 

Eddy  Current 

- 

- 

- 

- 

Hysteresis 

-  Keepers 

Eddy  Current 

0.44-0.88 

0.88 

0.88-0.54 

0.54-0.44 

Hysteresis 

-  Sensor  & 

Electronics 

6.0 

6.0 

6.0 

6.0 

Subtotal 

18.0 

18.0 

18.0 

18.0 

2.  M/G 

-  Stator 

2 

I  R 

0.16 

0.32-0.90 

86.9-125.2 

Eddy  Current 
(Armature) 

3. 8-7.5 

7.5 

7. 5-4. 5 

4. 5-3. 8 

Hysteresis 

-  Rotor 

Eddy  Current 

Hysteresis 

Subtotal 

4. 0-7. 7 

7.5 

7. 5-5. 4 

91.4-129.10 

Total  loss,  watts 

22.0-25.7 

25.5 

25.5-23.4 

109.4-147.1 

strength,  and  varying  stability  with 
time.  The  effect  of  manufacturing 
variations  must  be  related  to  their 
long-term  performance  in  the  energy 
wheel. 

POWER  LOSSES 

Operational  experience  is  nec¬ 
essary  for  reliable  estimates  of 
power  losses,  especially  in  coasting 
operations  after  the  wheel  is 
"charged."  Such  losses  can  determine 


the  shelf  life  of  the  wheel  to  es¬ 
tablish  the  competitive  position  of 
energy  wheels  versus  batteries. 

AGING 

The  long-term  effects  on  all  the 
wheel  materials  must  be  assessed  to 
determine,  for  example,  whether  the 
polymer  structure  of  the  Kevlar  fibers 
and  the  matrix  resin  will  remain  sta¬ 
ble  over  20  years,  or  whether  the 
magnets  will  develop  microcracks 
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X  =  SWITCH 


30  60Hz 


CURRENT-FED  DC  REVERSING  DC  LINK  VOLTAGE-FED 

CONVERTER  SWITCHES  CONVERTER 


Fig.  7.  Elemental  schematic  diagram  of  complete  double  conversion  system. 


Table  2.  Operational  efficiency. 


Charge 

Coast 

Intermit¬ 
tent  Load 

Full  Load 

Actual  time  (hr) 

0. 5/8.0 

21/8  ^ 

2.50/2.40 

0.066 

Losses  wheel  (kW-hr) 

(suspension  &  motor- 
generator) 

0.09/0.403 

0.402/0.153 

0.050/0.048 

0.009 

Wheel  Energy  (kW-hr) 
Start  of  period 

End  of  period  i 

2.5 

10.0 

10,000 

9.598/9.847 

9.847/9.598 

3.600 

3.600 

2.500 

Loss-Power  Conversion 
(kW-hr) 

(70%  Efficiency) 

(90%  Efficiency) 

(55%  Efficiency) 

0.75  - 

-  3.37 

1.987/1.91 

0.11 

Efficiency 

80%/54% 

96%/98.5% 

68.20%/66.3 

89.10% 

Turnaround  efficiency  8  hr  charge  =  46% 
Turnaround  efficiency  1/2  hr  charge  =  60% 


that  propagate  with  cycling  stress, 
and  destroy  them  or  impair  their 
strength, 

POWER  CONVERSION 

Performanpe  at  partial  power 
is  of  extreme  importance  to  overall 
system  performance  and  effect  on  cost 
because  of  low  power  conversion 
efficiency.  This  urgent  problem 
warrants  an  independent  program  of 


research  and  development  for  develop¬ 
ment  of  solid-state  switches  with 
higher  speed,  greater  power  handling 
capabilities,  and  lower  costs. 

FABRICATION 

The  wheel  configurations  anal¬ 
yzed  in  this  study  pose  fabrication 
problems.  Composite  material  density 
and  uniformity  must  be  of  a  high 
order  to  attain  the  dynamic  balance 


•  Tight  diitisnsional  tol©3r“ 
ances  must  be  satisfied.  And,  in  the 
prestressed  wheel,  ways  must  be 
found  to  achieve  the  initial  stresses 
specified  by  the  design.  Finally, 
the  cost  of  fabrication  of  these 
sophisticated  structures  must  be 
reduced  through  innovations  in  tool¬ 
ing  and  fixturing. 
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ABSTRACT 

A  new  flywheel  concept  is  described.  The  advantages  of  this  new  concept  are  claimed 
to  be  safety  and  economy.  Preliminary  testing  at  low  rpm  is  reported.  From  the  results 
obtained  thus  far,  it  can  be  concluded  that  the  self  centering  feature  of  the  concept 
allows  one  to  operate  the  flywheel  slightly  unbalanced. 


INTRODUCTION 

There  are  two  main  forces  which  deter¬ 
mine  the  direction  of  the  development  of 
technology.  These  forces  are  economy  and 
practicality.  Typically  during  the  history 
of  technology,  an  innovator  had  a  new  idea 
and  offered  it  to  the  marketplace.  The 
marketplace  would  accept  it  if:  (1)  the 
customers  could  afford  it,  and  (2)  if  it 
was  practical  to  deploy  it,  that  is,  if 
drastic  changes  in  ways  of  life  were  not 
required.  In  very  recent  years  a  third 
force  has  been  added  to  the  traditional 
two:  programmatic  development  by  the  gov¬ 
ernment.  Here,  circumventing  the  tests  of 
economics  and  practicality  in  the  market¬ 
place,  the  government  decrees  a  certain  way 
to  solve  an  existing  problem  and  a  govern¬ 
ment  funded  program  is,  consequently,  in¬ 
stituted.  Decisions  to  institute  and  fund 
such  a  program  are  usually  based  on  an  en¬ 
gineering  analysis  rather  than  oh  a  test 
involving  reality.  The  logic  of  such  an 
approach  is  that  certain  new  technologies 
require  a  substantial  threshold  investment 
before  a  test  involving  reality  can  be  made. 

The  advantages  of  such  an  approach  to 
development  of  technology  are  obvious;  un¬ 
fortunately,  there  are  also  some  disadvan¬ 
tages.  The  main  one — from  the  standpoint 
of  the  innovator — is  that  a  new  idea  may  be 
rejected  on  the  basis  of  an  analysis  which 
may  be  in  itself  correct  but  made  on  wrong 
assumptions.  History  is  full  of  examples 
where  correct  analyses,  based  on  wrong  as¬ 
sumptions,  proclaimed  new  ideas  as  imprac¬ 
tical  and  uneconomic  which  later  proved  to 
be  very  successful.  (The  aircraft  gas  tur¬ 
bine  is  one  famous  example . ) 


In  the  area  of  storage  of  electrical 
energy,  several  ideas  are  waiting  to  be 
developed.  Inertial  energy  storage  by 
flywheels  might  be  denied  a  vigorous  de¬ 
velopment  in  favor  of  storage  batteries  on 
analytical  grounds.  It  is  the  conviction 
of  the  authors  of  this  paper  that  not  all 
assumptions  pertaining  to  flywheels  are 
properly  understood  yet.  It  is  the  inten¬ 
tion  of  this  paper  to  make  a  contribution 
to  the  assessment  of  flywheel  technology 
by  showing  that  flywheels  do  not  have  to 
be  necessarily  dangerous  and  do  not  neces^ 
sarily  have  to  be  expensive, 

THE  FLEXIBLE  FLYWHEEL  CONCEPT 

The  new  flywheel  concept  uses  a  flexi¬ 
ble  flywheel;  the  required  rigidity  is 
achieved  by  centrifugal  forces.  Figure  1 
shows  a  schematic  diagram  of  the  concept. 

A  rope  ring  having  a  circular  cross  section, 
or  any  other  cross  section  which  is  suit¬ 
able,  is  suspended  on  individual  strands 
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of  rope  or  even  a  suspension  net  from  an 
upper  bearing.  There  is  another  lower  bear¬ 
ing  from  which  guide  ropes  lead  to  the  fly^ 
wheel . 

Several  safety  features  could  be,  but 
do  not  necessarily  have  to  be,  incorporated 
in  such  a  concept.  For  example,  in  case  a 
strand  of  the  rope  rings  breaks,  it  will 
whiplash  against  the  wall.  A  suitable  de¬ 
tector,  (e.g.,  a  glass  tube)  could  be  lo¬ 
cated  there  to  detect  that  a  breakage  has 
occurred.  At  the  same  time,  the  destroyed 
glass  tube  could  be  used  to  admit  a  braking 
fluid  to  brake the  flywheel  and  dissipate 
its  energy  content  in  the  form  of  heat 
(latent  and  vaporization)  to  the  braking 
fluid.  In  case  of  rapid  braking,  the  in¬ 
ertial  momentiim  of  the  flywheel  has  to  be 
accepted  by  the  base.  For  this  reason,  it 
may  be  advantageous  to  transfer  the  momen¬ 
tum  gradually  to  the  base  through  a  rota¬ 
tion  brake.  This  means  after  contact  be¬ 
tween  the  flywheel  and  the  housing  wall  has 
been  made,  friction  will  force  the  housing 
to  rotate.  This  rotation  will  be  slowed 
down  by  the  rotation  brake .  Since  the 
housing  is  already  filled  with  braking 
fluid  (e.g.,  water)  at  that  time,  due  to 
the  breakage  of  the  glass  tube  detector, 
the  fluid  will  lubricate  the  wall  to  ensure 
that  the  frictional  force  which  tries  to 
rotate  the  housing  is  minimized. 

Energy  is  put  into  or  taken  out  of  the 
flywheel  by  a  motor/generator  connected  to 
the  flywheel  supporting  shaft  by  means  of 
a  clutch  (unless  the  motor/generator  is 
rated  for  low  friction  losses  in  a  vacuum 
environment) .  It  is  intended  to  cool  the 
motor/generator  with  oil  which  is  also  used 
to  provide  lubrication  for  the  bearings. 

The  access  for  the  cooling  oil  to  the  ro¬ 
tating  part  of  the  motor  has  to  be  gained 
through  these  bearings. 

The  advantages  of  such  a  flexible  fly¬ 
wheel  concept  are  claimed  to  be  the  follow¬ 
ing; 

1.  The  flexible  flywheel  can  expand 
under  stress  without  jeopardizing 
its  integrity. 

2.  The  flexible  flywheel  is  self¬ 
centering  (self-balancing) . 

3.  The  flexible  flywheel  can  transmit 
vibrations  to  the  shaft  only 
through  those  suspension  or  guid¬ 
ing  ropes  which  are  under  tension. 

4.  The  flexible  flywheel  is  inexpen¬ 
sive  to  manufacture. 

5.  The  flexible  flywheel  is  safe. 


These  advantages  claimed  above  will  be  dis¬ 
cussed  as  follows: 

1.  The  flexible  flywheel  can  expand 
under  stress  without  jeopardizing  its  in¬ 
tegrity.  Since  no  resin  is  used  and  the 
rigidity  of  the  flywheel  is  achieved  by  the 
centrifugal  forces  alone,  the  expansion 
will  be  uniform  and,  therefore,  the  effect 
on  balance  already  established  should  be 
minimal . 

2.  &  3.  The  flexible  flywheel  is  self¬ 
centering  and  self-balancing  since  due  to 
its  flexible  suspension  it  is  free  to  ro¬ 
tate  around  its  center  of  gravity.  A  solid 
flywheel  which  is  rigidly  attached  to  a 
rotating  shaft  may  be  forced  by  this  shaft 
to  rotate  around  a  center  which  is  not  ex¬ 
actly  its  center  of  gravity ,  thus  making 
the  flywheel  housing  a  part  of  the  system 
whereby  the  total  system  is  trying  to  ro¬ 
tate  around  the  common  center  of  gravity, 
which  manifests  itself  in  vibrations.  In 
case  of  the  flexible  flywheel,  any  vibra¬ 
tions  to  be  experienced  by  the  housing 
would  have  to  be  transmitted  through  those 
suspension  ropes  which  are  under  tension. 
There  will  be  other  vibrations,  however, 
which  will  be  caused  by  the  main  bearing 
assembly  and  motor  and  transmitted  through 
the  stationary  shaft. 

4.  The  flexible  flywheel  is  inexpen¬ 
sive  to  manufacture.  One  material  which 
could  be  used  is  "DACRON,"  now  popular  for 
marine  rope.  The  manufacturing  process 
should  operate  along  the  traditional  lines 
of  rope  making,  although  there  needs  to  be 
some  care  taken  to  produce  a  homogeneous 
rope  ring.  Due  to  the  lack  of  specialized 
machinery,  the  flywheels  used  in  the  in¬ 
vestigations  reported  in  this  paper  were 
made  by  hand  imitating  a  weaving  process 
which  is  usually  used  to  produce  braided 
rope. 

5.  The  flexible  flywheel  is  safe. 

This  claim  is  based  on  the  fact  that  it  is 
highly  unlikely  that  all  the  strands  of  a 
rope  will  break  exactly  at  the  same  time. 

In  the  case  of  the  rope  ring,  the  many 
strands  of  which  it  is  comprised  are  spli¬ 
ced  individually  to  form  endless  rings. 
Therefore,  the  flywheel  rope  ring  is  really 
a  composite  of  many  endless  thinner  rope 
rings  which  are  intertwined  to  form  the 
big  rope  ring.  If  one  strand  should  break, 
it  will  whiplash  against  the  wall  and  the 
occurrence  of  this  is  easily  detected  and 
the  flywheel  can  subsequently  shut  down. 
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Furthermore,  the  breaking  of  one  or 
even  several  strands  will  not  produce  a 
catastrophic  failure.  Only  whiplashing  of 
the  broken  strands  will  occur. 

Therefore,  it  can  be  said  that  the 
flexible  flywheel  concept  is  safe  to  use 
for  individual  household  application.  It 
is  inexpensive  to  manufacture  and  it  can 
be  built  using  state  of  the  art  technology. 

FLORIDA  FLYWHEEL  FACILITY 

While  in  the  previous  paragraph  the 
concept  of  the  flexible  flywheel  for  energy 
storage  was  described,  an  actual  research 
facility  dedicated  to  generate  design  in¬ 
formation  for  the  optimum  configuration  of 
such  a  flexible  flywheel  will  look  some¬ 
what  different  since  the  emphasis  is  on  re¬ 
search  and  not  on  energy  storage  per  se. 

Figure  2  shows  the  University  of 
Florida  research  facility.  The  vacuum  ves¬ 
sel  has  a  diameter  of  130  cm  (51  inches) , 
which  determines  the  maximum  size  of  flexi¬ 
ble  flywheels  it  can  accommodate  for  test¬ 
ing. 


Rq.  2  University  of  Florldo  Flywheel  Test  Focility 

For  energy  input,  a  400  hz,  7.5  hp 
motor  is  used  which  can  also  be  operated  as 
an  induction  generator.  The  unit  is  inten¬ 
ded  for  11,000  rpm  operation,  although  it 
will  operate  at  higher  rpms  at  a  reduced 
hp  rating.  The  power  supply  for  this  motor 
is  a  diesel-electric  generator  set  with  a 
nominal  frequency  of  400  hz.  The  frequency 
can  be  changed  to  any  other  desired  value 
for  variable  spegd  operation. 

Since  the  motor  is  not  designed  for 
operation  in  a  vacuum,  a  rotary  vacuiam 
feedthrough  has  to  be  used.  For  this  pur¬ 
pose,  a  commercially  available  "Ferrofluids" 


feedthrough  rated  for  11,000  rpm  was  selec¬ 
ted.  This  unit  has  two  ball  bearings,  a 
feature  which  would  disqualify  this  parti¬ 
cular  unit  for  an  actual  flywheel  storage 
device.  However,  for  research  purposes, 
which  involves  frequent  opening  of  the 
vacuum  vessel  and  frequent  interchange  of 
flywheels,  such  a  unit  seemed  to  be  the 
best  choice. 

Due  to  the  fact  that  both  motor  and 
vacuum  feedthrough  contain  ball  bearings, 
a  clutch  to  disconnect  these  units  from  the 
main  bearing  is  necessary.  This  clutch 
will  allow  the  rope  ring  to  freewheel  for 
study  purposes.  Such  a  unit  is  not  neces¬ 
sarily  required  in  an  actual  flywheel  stor¬ 
age  facility. 

Design  of  the  main  bearing  assembly 
will  be  subject  to  further  research.  There¬ 
fore,  as  far  as  the  design  of  the  research 
facility  is  concerned,  the  only  requirement 
here  is  that  it  is  easily  interchangeable 
to  other  bearing  designs.  For  reasons  of 
expediency,  ball  bearings  were  used  for  the 
initial  investigations  which  are  reported 
here  with  the  intention  to  replace  the 
bearings  later  in  the  program  with  hydro¬ 
static  oil  bearings. 

The  main  shaft  of  the  facility  is 
stationary  (non-rotatory)  and  is  hollow 
to  allow  for  access  of  electrical  and  oil 
lines  to  the  main  bearing  assembly  for  in¬ 
strumentation  (temperature  and  vibration) 
and  lubrication.  The  main  shaft  is  welded 
to  a  structure  which  is  attached  to  the 
upper  half  of  the  vacuum  housing,  for  easy 
removal  of  the  total  internal  structure  of 
the  flywheel  assembly.  This  allows  for 
maintenance  and  modification  work,  without 
having  to  disconnect  the  motor,  feedthrough 
or  clutch  and  will  conserve  the  alignment 
of  these  units. 

Vacuum  pumps,  diesel  generator  sets 
and  other  auxiliaries  are  standard  com¬ 
mercially  available  items  which  need  not 
be  discussed  here  any  further.  Table  1 
lists  the  pertinent  data  of  the  Florida 
Flywheel  Facility. 

The  internal  structure  is  designed  in 
a  way  that  it  can  be  set  up  outside  the 
vacuum  Housing  and  the  flywheel  can  be  op¬ 
erated  in  the  open  atmosphere  for  easier 
access.  In  this  case,  operation  has  to  be 
limited  to  a  few  thousand  rpm,  and  it  is 
better  to  use  a  dc  motor  for  this  purpose. 
Figure  3  shows  the  flywheel  stationary  and 
Figure  4  shows  it  in  operation  in  the  open 


251 


atmosphere.  The  results  reported  in  this 
paper  were  obtained  by  open  atmosphere  runs 
only. 

Table  1.  Florida  Flywheel  Facility 


Housing; 

Diameter  129.54  cm  (id)  51  in.  (id) 

Height  140,97  cm  (id)  55.5  in.  (id) 

Volume  1857,85  liters  75.51  cf 

Pump; 

End  Vacuum  10  micron 

Pumping  Rate  150  (325  gm)  liters/sec 

Motor:  (Westinghouse  Type  939D228“4) 

Frequency  400  hz  nominal 

Power  7 . 5  hp 

Speed  11,000  rpm  nominal 

Vacuum  Feedthrough;  (Ferrofluids  Type 

SB-500-A-N-069) 

Shaft  dia  :  1.27  cm  0.5  in. 

Rated  speed:  11,000  rpm 

Diesel  Generator:  (USMC  Type  Pu-6681G, 
Consolidated  Diesel 
Electric  Co.,  Model 
4251,  1968) 

Frequency  400  (cps) 

Power  5  (Kw)  @  18  amps  12  hp- 

diesel  engine 


RESULTS 

MANUFACTURING  TECHNIQUES 

The  manufacturing  of  a  continuous  rope 
ring  still  needs  to  be  developed.  It  will 
require  specialized  machinery;  however,  the 
development  of  these,  should  not  be  a  major 
problem.  For  research  purposes,  where  only 
a  few  are  required,  it  is  more  expedient 
to  make  them  by  hand.  It  turns  out  that  a 
better  uniformity  can  be  achieved  by  a 
knitting  type  procedure  rather  than  twist¬ 
ing  individual  strands.  Figure  5  shows 
the  appearance  of  the  second  layer  of  such 
a  wheel.  The  core  or  first  layer  is  made 
of  four  individual  strands,  while  the 
second  layer  employs  eight  individual 
strands.  The  third  layer  will  be  sixteen 
and  so  forth-  This  technique  depends  more 
on  interlocking  and  less  on  friction  as 
opposed  to  the  twist  which  depends  entirely 
on  friction  increasing  with  tension.  There¬ 
fore,  there  was  some  concern  if  the  same 
breaking  strength  could  be  achieved  by  the 
braid.  Static  break  tests  were  made  with 
a  number  of  single  strands  (1/4"  dacron 
twist)  and  a  number  of  braids  involving 
four  identical  strands.  The  single  strands 
broke  at  540-650  pounds;  the  braid  broke 
between  1480-1650  pounds,  which  is  20%  be¬ 
low  the  value  to  be  expected  for  four 
strands.  The  reason  for  this  may  be  ex¬ 
plained  by  the  fact  that  the  interlocking 
mechanism  gives  way  when  the  weakest  strand 
breaks;  while  in  a  twist,  friction  distri¬ 
butes  the  forces  more  evenly.  Therefore, 
for  mass  production,  a  twist  would  be 


Fig.  3.  Flexible  Flywheel  Stationary  Fig.  4.  Flexible  Flywheel  Operating 
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preferable.  For  ^research  involving  studies 
of  vibrations  and  balance  problems/  the 
braid  will  be  adequate  as  long  as  it  is 
understood  that  it  will  break  sooner  than 
a  comparable  twist  will. 


Fig.  5.  Second  Layer  of  Braided  Wheel 


DISTORTION 

It  has  been  proposed  that  an  imbalance 
in  a  flexible  flywheel  would  lead  to  a  geo^ 
metric  instability.  An  inhomogeneous  fly¬ 
wheel  would  then  increasingly  lose  its 
circular  shape  until  it  becomes  inoperable. 
To  simplify  the  problem  without  loss  of 
generality,  assume  that  the  flywheel  is 
formed  by  four  masses  joined  by  some  anony¬ 
mous,  semi-rigid  material.  (Two  masses 
would,  of  course,  be  unstable  as  shown  in 
Fig.  6.) 


Further,  assume  that  this  structure  is  sup¬ 
ported  by  a  frictionless  assembly  which 
provides  only  torque  and  in  no  way  impedes 
shape  change.  Opposing  weights  have  equal 
mass.  The  flywheel  now  appears  as  in  Fig. 
7. 


A 


Fig.  7.  Idealized  Flywheel  involving  4 
Masses 

Assume  that  a  stable  configuration  exists 
at  some  rotational  speed  w.  The  forces  on 
any  of  the  four  weights  may  be  examined  one 
at  a  time.  (See  Fig.  8.) 


Fig.  8,  Forces  on  One  Mass 


F^^  centrifugal  force 

F  the  force  from  x  to  y 
xy 


Fig.  6.  Instability  Vrith  Two  Masses  Only 


+ 

A  B 


(1) 
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Thus,  there  exists  a  singular  solution 
for  the  configuration  for  any  chosen  w. 

The  flywheel  will  not  collapse. 

DYNAMIC  MEASUREMENTS 

In  order  to  get  familiar  with  the  most 
important  problems  of  the  flexible  flywheel 
a  small  model  was  manufactured  using  the 
braided  technique  (See  Fig.  3)  and  it  was 
spun  at  a  few  thousand  rpm  only  at  the 
open  atmosphere.  The  flywheel  mass  was 
2087.5  gr.  It  had  a  large  diameter  of  21 
inches  and  a  small  diameter  of  2.25  inches. 
All  measurements  reported  in  this  paper 
were  made  at  a  standard  1000  rpm.  A 
Hewlett-Packard  3580  A  spectrum  analyzer 
was  used  to  record  the  vibrations  trans¬ 
ferred  to  the  frame.  The  vibrations  were 
picked  up  by  a  transducer  attached  to  the 
stationary  shaft.  Figure  9  shows  typical 
recordings  of  vibrations  transferred  to  the 
frame  by  the  flywheel  compared  to  the  vi¬ 
brations  of  the  shaft  without  the  presence 
of  the  flywheel.  The  flywheel  was  artifi¬ 
cially  unbalanced  by  attaching  between  one 
to  four  weights  (25  gr.  each)  to  one  point 
on  the  rim.  A  superficial  examination 
shows  that  with  one  weight  attached,  the 
amplitude  of  most  frequencies  are  close  to 
a  miri-imum  which  means  the  wheel  is  close  to 
being  balanced. 

Prominent  frequencies  on  Fig.  9  are 
around  5  Hz,  35  Hz,  and  100  Hz.  The  5  Hz, 
which  is  lower  than  the  rotational  fre¬ 
quency  of  17  Hz,  is  related  to  nonsynchron- 
ous  succession  of  the  rope  ring.  The  35 
Hz  frequency  is  twice  rotational  speed, 
and  probably  has  its  source  in  the  shaft 
coupling.  (A  slight  misalignment  in  many 
types  of  couplings  produces  a  2N  frequency) . 
The  100  Hz  frequency  is  very  likely  re¬ 
lated  to  the  cyclic  jerking  of  the  support 
ropes  as  the  rope  ring  whirls  nonsynchron- 
ously . 
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Frequency  (Hz) 

Fig,  9,  Vibration  Spectrum  Emitted  by  Frame 
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It  is  significant  that  there  was  no 
vibration  measured  synchronous  with  shaft 
speed  (17Hz) ,  which  shows  that  the  flexible 
flywheel  truly  is  self-balancing,  at  least 
at  the  low  speeds  run  to  date. 

The  one  frequency  which  is  potentially 
critical  to  successful  operation  of  the  fly¬ 
wheel  at  high  speeds  is  the  5  Hz  nonsyn- 
chronous  precessing.  This  frequency  is  al¬ 
most  certainly  caused  by  internal  friction 
in  the  rope  ring  (see  References  1  and  2). 

To  see  how  internal  friction  drives 
the  subsynchronous  whirling,  refer  to  Fig. 

10  which  shows  an  instantaneous  configura¬ 
tion  of  the  whirling  ring.  Only  four  of 
the  "spoke"  support  ropes  are  shown,  for 
clarity.  The  dashed  curve  shows  the  path 
of  the  centroid  of  the  rope  ring ^ as  it 
processes  with  angular  velocity  (}).  The 
rotational  speed  (shaft  speed)  is  >  4>. 


It  can  be  seen  that  the  driving  force 
F  is  proportional  to  the  internal  friction 
or  hysteresis  coefficient,  and  may  also  in¬ 
crease  with  the  difference  in  angular  velo¬ 
cities,  -  $  (if  the  internal  friction  is 
velocity  dependent) .  This  is  actually  the 
same  type  of  self-excited  whirl  described 
in  References  1  and  2  for  "solid"  rotor 
shafts,  but  the  mechanism  is  more  easily 
understood  in  the  flexible  flywheel.  It  is 
common  knowledge  in  the  field  of  rotor 
dynamics  that  this  type  of  instability  can 
be  suppressed  by  the  use  of  external  (non¬ 
rotating)  dampers.  An  example  of  the  hard¬ 
ware  configuration  typically  used  with  roll¬ 
ing-element  bearings  is  the  squeeze-film 
damper  shown  in  Fig.  11.  In  the  flexible 
flywheel  application,  the  rolling-element 
would  be  replaced  by  a  fluid  film  for  mini¬ 
mum  rotational  friction.  The  ideal  loca¬ 
tion  for  such  a  damper  would  be  under  the 
lower  guide  bearing,  where  the  forces  are 
radial. 


Fig.  10 


SUPPLY 


^SQUEEZE  FILM' 
CLEARANCE 


Fig.  11.  Squeeze-Film  Damper 


Instantaneous  Configuration  of  Rope 
Ring 

Internal  friction  in  the  rope  ring 
produces  a  resistance  to  the  rate  of  change 
of  deformation.  Consider  spoke  number  2  at 
the  instant  shown.  It  is  in  the  process  of 
changing  from  a  loose  state  (position  #3) , 
and  simultaneously  deforming  the  rope  ring 
in  the  region  of  attachment.  The  rate  of 
change  of  deformation  is  a  maximum  at  posi¬ 
tion  number  2,  there  producing  a  maximum  of 
spoke  tension  from  internal  friction.  Con¬ 
versely,  the  spoke  at  position  #4  would  be 
compressing  against  the  force  of  internal 
friction,  if  it  were  structurally  possible. 
The  unbalanced  spoke  force  F  is  in  the  di¬ 
rection  tangential  to  precession,  driving 
the  whirl. 


Figure  12  shows  that  the  5  Hz  pre- 
cess  ional  amplitude  varied  with  mass  unbal¬ 
ance.  This  result  is  contrary  to  rotor 
dynamic  theories  based  on  small  amplitude 
assumptions,  and  shows  that  the  flywheel 
was  operating  in  a  non  linear  region  where 
even  the  nonsynchronous  whirling  is  affec¬ 
ted  by  unbalance. 

Figure  13  shows  how  the  amplitude  at 
100  Hz  varied  with  unbalance.  As  pre¬ 
viously  explained,  vibration  at  100  Hz  is 
completely  dependent  on  the  amplitude  of 
the  5  Hz  whirling  and,  therefore,  would 
also  be  suppressed  by  the  use  of  a  damper. 
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POWER  EXTRACTION 

As  energy  is  removed  from  the  flywheel, 
a  counter  torque  is  produced  which  tends  to 
life  the  wheel  via  its  flexible  spokes. 

This  lift  can  be  mathematically  related  to 
the  rate  of  energy  removal. 

Figure  14  illustrates  a  two  dimensional 
projection  of  a  flywheel  section  which  is  be¬ 
ing  decelerated  due  to  energy  extraction. 


a.  b, 

Fig.  14.  Geometric 
Diagram 


Figure  14a  depicts  initial  and  final  fly¬ 
wheel  segment  positions.  Figure  14b  de¬ 
picts  the  vector  force  diagram  of  the  fly¬ 
wheel  segment.  It  can  be  seen  from  Fig. 
14a: 

(L-x)  =  L  cos9 

X  =  L(1-COS0) 

^  =  l-cos9 
L 

and  from  Fig.  14b: 

F  =  M  tan9  =  F„  sin9 
T  g  S 

Assume  that  |f  |  is  less  than  or  equal  to 
one  fourth  of  the  tensile  strength  of  one 
spoke.  Further,  assume  that  the  wheel  has 
twelve  spokes.  Then; 


b.  Vector 
Diagram 


where  is  the  tensile  strength  of  one 
spoke.  Taking  the  specifications  of  the 
ultimate  flywheel  towards  which  this  project 
aspires : 

Large  radius  -  80  (cm)  =  31.5  in. 

Samll  radius  -  20  (cm)  =  7.9  in. 

Total  weight  -  632  (kg)  =  1394.33b, 

Spoke  tensile  strength-1800  (Ibf)  =403 . 56  (^^S) 


sin0  =  .966, 

0  =  75®  . 

This  is  a  rather  large  angle,  and  it 
seems  more  reasonable  to  limit  the  lift  of 
the  rope  ring  x  to  not  more  than  the  ring 
diameter.  Then,  taking  L  =  160  cm  gives 


The  advantages  of  this  concept  are  claimed 
to  be  safety  and  economy. 

What  can  be  learned  from  the  prelimi¬ 
nary  studies  at  low  rpm  described  in  this 
paper  is  that  it  is  probably  possible  to 
live  with  slight  imbalances  in  the  1%  range 
at  high  rpms.  This  would  facilitate  the 
mass  production  of  flexible  flywheels  con¬ 
siderably.  A  problem  which  needs  closer 
attention  is  the  control  of  processing 
movements.  However,  the  present  results 
seem  to  be  encouraging  enough  to  proceed 
with  the  more  complex  testing  in  vacuum 
at  high  rpm.  It  should  be  understood,  how¬ 
ever,  that  the  described  flywheel  is  a 
concept  and  will  undergo  some  metamorpho¬ 
sis  before  the  end  product,  a  small,  in¬ 
expensive  storage  unit  for  individual 
households,  is  obtained. 


COS0  =  1  -  x/L 
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=  1  -  40/160  =  .75, 

0  =  41®, 

„  =  F^sin0 

=  (5400)  .66  =  3564  lb. 


The  torque  of  the  couple  formed  by  F  at  the 
wheel's  radius  is: 


T  =  |F^|  X  R 

=  (3564)  X  31.5/12 

=  9355  ft- lb. 

The  power  output  at  11,000  rpm  is  then: 

W  =  Tw  =  9355  ft-lb.  X  11,000  (^) 

min 

X  21T  T  33,000  =  19,594  HP 

rev 

=  14,617  KW. 

This  is,  of  course  a  theoretical  maximxim 
which  will  not  be  reached  for  other  rea¬ 
sons  not  covered  in  this  simple  analysis. 
However,  it  can  be  concluded  that  the  power 
extraction  is  no  serious  concern, 

CONCLUSIONS 
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SPIN  TEST  AND  EVALUATION  OF  UCC-ND^s  BAND-WRAP  FLYWHEEL 


J.  J.  Kelly 
Nuclear  Division 
Union  Carbide  Corporation 


ABSTRACT 


Testing  methods  and  observed  behavior  of  the  band-wrap  flywheel  are 
presented.  Prebalancing  of  the  flywheel  revealed  force  and  couple  im¬ 
balances  which  were  correlateable  with  observed  assembly  misalignments. 
Subsequent  high  speed  testing  revealed  stable  performance  up  to  and 
including  the  radial  delamination  speed  18,000  rpm) ,  at  which  time, 
the  system  monitors  indicated  problems  and  the  flywheel  was  successfully 
driven  down. 


(Paper  Not  Submitted) 
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DESIGN,  INSTRUMENTATION  AND  CALIBRATION  OF  AN 
EXPERIMENTAL  FLYWHEEL  CONTAINMENT  ASSEMBLY 


J.  J.  Kelly 
Nuclear  Division 
Union  Carbide  Corporation 


ABSTRACT 


A  test  assembly  has  been  designed  which  will  be  used  to  evaluate  containment  rings 
and  measure  the  torsional  and  shaking  loads  occurring  during  flywheel  failures. 
Removable  containment  rings  permit  the  evaluation  of  various  types  of  materials  and 
thicknesses.  The  failure  loads  are  determined  by  measuring  the  transient  torsional 
and  bending  deformations  occurring  in  the  mounting  pedestal  during  flywheel  failures. 

It  is  intended  that  the  test  assembly  be  used  to  provide  design  data  for  the  UCC-ND 
flywheel  system. 


(Paper  Not  Submitted) 
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FLYWHEEL  DEVELOPMENT 
FOR  THE 

ELECTRIC  POWER  RESEARCH  INSTITUTE 


Will iam  M.  Brobeck 
William  M.  Brobeck  &  Associates 
1235  Tenth  Street 
Berkeley,  California  94710 


ABSTRACT 

This  paper  covers  two  years  of  development  work  on  flywheels  for  peak  power  shaving 
in  the  electric  utility  system.  Single  and  multi-ring.  E-glass  composite  wheels  were 
spun  at  surface  speeds  up  to  500  meters/sec.  Considerable  work  was  done  on  the  stability 
of  the  pendulous  support  used.  Both  elastomeric  and  mechanical  inter-ring  attachments 
and  a  single  ring  with  composite  spokes  were  tested.  Mechanical  difficulties,  overcome 
by  the  end  of  the  project,  limited  speeds  to  considerably  less  than  the  ultimate  strength 
of  the  material . 


INTRODUCTION 

In  the  summer  of  1974,  the  Electric 
Power  Research  Institute  began  a  program  to 
investigate  the  technical  feasibility  of 
flywheel  energy  storage  as  a  means  of 
supplying  the  peak  power  requirements  of 
electric  utility  systems.  It  appeared 
possible  that  flywheels  could  be  cost- 
effective  for  this  purpose  because  of  the 
relatively  high  energy  storage  capability 
per  dollar  of  epoxy-fiberglass  composite 
flywheel  materials.  Moreover,  because 
flywheel  storage  stations  could  be  located 
in  the  distribution  system  close  to  the 
load,  credit  could  be  given  the  flywheel 
for  the  cost  of  the  distribution  and  gener¬ 
ating  capability  which  would  otherwise  have 
been  required  to  carry  the  load  peaks.  The 
type  of  flywheel  station  visualized  is 
shown  in  Fig.  1 .  Such  a  station  was  ex¬ 
pected  to  have  an  energy  rating  of  the 
order  of  10  MWh  and  a  power  rating  of  1  to 
5  MW. 

The  basic  philosophy  of  the  work  was 
to  build  and  test  flywheels  on  as  large  a 
scale  as  practical  in  order  to  encounter 
and,  hopefully,  solve  the  practical  prob¬ 
lems  which  would  arise.  The  presently 
lowest  cost  material.  E-glass  epoxy,  was 
to  be  used.  Material  development  was  not 
an  object  of  the  work. 

FLYWHEEL  DESIGN 


Fig.  1.  Full  Scale  Flywheel  Storage 
Station  Concept. 

series  of  concentric  rings  separated  by 
spacers  of  elastic  material  bonded  to  the 
ring  surfaces. 

The  ring  type  of  flywheel,  as  distin¬ 
guished  from  disk  or  brush  designs,  was 
chosen  primarily  because  it  placed  the 
largest  part  of  the  mass  at  the  largest 
radius.  As  the  rings  were  to  be  wound  of 
roving  with  no  attempt  to  use  the  fiber¬ 
glass  to  carry  radial  loads,  the  ratio  of 
longitudinal  to  transverse  strength  limited 
the  radial  thickness  of  the  rings  to  about 
15  percent  of  the  outer  radius.  Several 
rings  were,  therefore,  to  be  used  to  make 
good  use  of  the  swept  volume. 


The  design  apporach  followed  for  the 
wheels  to  be  tested  was  that  described  and 
patented  by  Post  and  Post.^’^  This  was  a 
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The  multi-ring  design  has  the  serious 
problem  of  support  of  the  rings,  both  the 
inner  ring  from  the  shaft  and  each  succes- 


sive  ring  from  the  one  inside  it.  Follow¬ 
ing  the  design  of  Post  and  Post  described 
in  Ref.  1  and  in  the  referenced  patents, 
it  was  planned  to  attach  the  rings  to  the 
hub  and  to  each  other  by  means  of  elastic 
material  bonded  to  the  ring  surfaces.  Some 
work  had  already  been  done  on  the  modes  of 
vibration  of  a  series  of  rings  supported 
by  elastic  separators.  This  work  indica¬ 
ted  that  the  lowest  frequency  mode,  in 
which  the  rings  vibrated  in  two  groups  of 
about  equal  mass,  could  be  kept  above  the 
operating  speed.  It  was  realized  that  the 
separators  which  must  be  stiff  enough  to 
hold  the  vibration  frequency  high  and  to 
resist  the  acceleration  field  of  approxi¬ 
mately  200,000  times  gravity  and  still 
flexible  enough  to  accommodate  the  ring 
expansion  of  2  to  3  percent  would  be  a 
formidable  design  problem. 

FLYWHEEL  SUSPENSION 

Because  of  the  nature  of  fiberglass 
and  the  plan  to  use  elastic  spacers  between 
the  rings,  it  was  felt  that  it  would  be 
impossible  to  maintain  the  high  degree  of 
balance  ordinarily  required  of  high  speed 
rotors  to  hold  bearing  loads  within  reason¬ 
able  limits.  Accordingly,  a  pendulum 
support  was  planned  which  enabled  the  wheel 
to  spin  around  its  center  of  gravity  at  all 
speeds  above  a  few  hundred  rpm.  This 
method  also  introduced  problems  in  the  form 
of  unwanted  modes  of  vibration.  These  modes, 
which  are  well  described  by  Den  Hartog**,  are 
referred  to  as  whirl  modes.  They  can  be 
excited  by  energy  fed  from  the  rotation. 

If  energy  flows  into  whirl  and  is  not  ab¬ 
sorbed,  the  whirl  amplitude  increases 
without  limit  until  something  breaks. 

Figure  2  shows  a  wheel  rotating  in  a  whirl 
mode  in  a  test  mock-up  built  to  observe 
this  phenomena  at  low  speeds. 

A  whirl  mode  can  be  excited  as  a  re¬ 
sult  of  hysteresis  of  the  shaft  supporting 
the  flywheel.  The  energy  entering  the 
whirl  mode  equals  the  hysteresis  energy. 

This  is  a  particularly  obnoxious  effect 
because  as  the  whirl  amplitude  increases 
so  does  the  hysteresis  loss  due  to  the 
increased  bending  of  the  shaft.  The  result 
is  that  the  amplitude  increases  in  an  expo¬ 
nential  way  causing  the  shaft  to  break 
before  the  increase  in  whirl  amplitude  can 
even  be  detected.  Fortunately,  the  hyster¬ 
esis  loss  in  the  shaft  is  small  and  only 
a  small  amount  of  damping  must  be  present 
to  prevent  the  onset  of  whirl  as  we  learned 
from  both  theory  and  experiment. 


Fig.  2.  Demonstration  of  Whirl  Motion. 


THE  TEST  FACILITY 

With  the  above  background,  a  test 
facility  was  built  capable  of  spinning 
wheels  up  to  one  meter  in  diameter,  weigh¬ 
ing  100  kilograms  at  a  maximum  speed  of 
22,000  rpm.  Figure  3  shows  the  tank  with 
the  cover  removed  but  with  the  bearing 
support  in  place.  The  tank  walls  are  of 
2-inch  steel  plate.  The  drive  and  support, 
which  is  mounted  in  the  tank  so  that  all 
adjustments  can  be  made  before  putting 
the  cover  in  place,  are  shown  in  the  figure. 

The  tank  is  provided  with  a  mechanical 
pump  of  10  cubic  feet  per  minute  capacity 
and  a  4-inch  oil  diffusion  pump.  The 
usual  operating  pressure  was  about  100 
microns  which  could  be  obtained  with  the 
mechanical  pump  alone. 

As  shown  in  Fig.  4,  two  sets  of  two 
bearings  each  are  used.  The  upper  set 
supports  the  weight  of  the  flywheel  and 
the  lower  set  carries  the  damper.  The 
shaft  between  the  bearings  is  made  as 
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Fig.  3.  Flywheel  Test  Tank  and  Support. 
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Fig.  4.  Flywheel  Bearing  Support  Shown 
with  Induction  Motor. 


set  is  lubricated  by  oil  which  also  cools 
the  vacuum  seal  and  the  lower  bearing  is 
grease-lubricated.  The  lower  bearing 
housing  is  water-cooled. 

The  vacuum  seal  is  a  mechanical  face 
seal  running  immersed  in  oil.  Its  inside 
diameter  determined  by  the  diameter  of  the 
flexible  shaft  is  28  mm. 

The  shaft  is  driven  by  a  pair  of  al¬ 
ternating  current  series-wound  motors 
(designed  for  wood  routers)  coupled  through 
cog  belts  to  pulleys  on  the  shaft.  Two 
motors  were  used  to  increase  the  power  and 
reduce  belt  loads  on  the  bearings.  A 
1-to-l  ratio  with  3/4-inch  pitch-diameter 
pulleys  was  used  in  all  the  testing.  Power 
was  adequate  to  accelerate  a  10-kg  wheel 
to  22  krpm  in  about  30  minutes  which  was 
quite  fast  enough  for  the  operators. 

The  rotating  speed  was  obtained  from 
an  optical  pick-up  on  the  shaft  near  the 
drive  pulleys  and  read  on  a  strip  chart 
recorder.  The  recorder  was  automatically 
reset  every  1000  rpm  so  that  the  speed 
could  be  read  to  about  10  rpm  from  the 
chart.  An  operator  marked  the  chart  to 
show  which  thousand  was  being  recorded. 

An  indicating  tachometer  reading  directly 
was  also  used. 

A  very  useful  instrument  sensed  and 
recorded  the  position  of  the  center  of  the 
wheel  with  respect  to  the  bottom  of  the 
tank.  This  permitted  continuous  monitor¬ 
ing  of  the  vibration  of  the  wheel  and  the 
appearance  of  incipient  trouble.  Changes 
in  the  wheel  while  spinning  appeared  as 
changes  in  the  amplitude  of  the  motion  of 
its  center.  The  pick-up  consisted  of  a 
ball  bearing  attached  to  the  wheel  which 
pressed  against  a  group  of  four  leaf 
springs,  mounted  at  90  degrees,  to  which 
strain  gages  Were  attached. 

Other  conventional  instruments  mea¬ 
sured  the  tank  pressure,  the  bearing  tem¬ 
perature,  and  the  motor  current  and  volt¬ 
age. 


flexible  as  possible  to  allow  the  pendulum 
motion  by  reducing  its  diameter  to  11  mm 
for  a  length  of  190  mm.  Damping  is  pro¬ 
vided  by  a  sheet  of  neoprene  foam  between 
the  spherical  surface  of  the  lower  bearing 
housing  and  the  Spherical  socket  in  the 
stationary  frame. 

Precision  angular  contact  bearings 
are  used  in  both  bearing  sets.  The  upper 


A  television  link  was  used  to  observe 
the  wheel  as  it  spun.  It  was  found  that  a 
strobe  light  stopped  the  motion  in  the 
television  picture  as  well  as  with  direct 
visual  observation.  The  TV  pictures  were 
recorded  and  could  be  played  back  to  ob¬ 
serve  the  wheels  at  the  brief  periods  dur¬ 
ing  which  changes  occurred.  Although  the 
causes  of  wheel  failures  (as  distinguished 
from  support  failures)  were  usually  ob- 
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vious,  the  TV  pictures  did  assist  in  the 
diagnoses. 

EXPERIENCE  WITH  THE  SUSPENSION 

Much  of  the  effort  during  the  two 
years  of  the  project  was  spent  on  mechan¬ 
ical  problems  not  associated  with  the  fly¬ 
wheels  themselves.  The  plan  was  to  test 
each  wheel  design  at  a  succession  of  speeds, 
stopping  to  examine  the  wheels  after  each 
run.  This  was  done  because  the  experience 
of  others  who  had  tried  to  reach  full  speed 
on  the  first  run  was  that  it  was  often 
difficult  to  determine  the  cause  after  a 
wheel  had  failed  catastrophically.  In 
the  first  runs  at  speeds  up  to  about  10 
krpm,  there  was  little  difficulty.  At 
higher  speeds,  however,  bearing  heating 
became  a  problem  and  numerous  changes  in 
the  bearing  mounting,  cooling  and  lubri¬ 
cation  were  made.  Many  runs  were  made 
spinning  an  aluminum  disk  to  test  the 
performance  of  the  bearing  support. 

About  two  months  after  testing  started, 
a  failure  occurred  while  spinning  a  bare 
hub  at  19  krpm.  The  failure  was  believed 
to  have  been  caused  by  a  defective  weld  at 
the  end  flange  of  the  support  shaft  where 
it  attached  to  the  hub.  The  design  was 
changed  to  reduce  possible  stress  concen¬ 
tration  at  the  weld. 

Tests  continued  until  close  to  the 
end  of  the  first  year's  work,  about  five 
months  after  the  first  failure,  another 
occurred  while  spinning  a  two-ring  rotor 
at  about  16  krpm.  The  rotor  fell  to  the 
bottom  of  the  tank  where  it  came  to  a  stop 
after  about  half  an  hour.  This  time 
there  was  no  question  of  weld  failure;  the 
cause  seemed  clearly  to  be  the  appearance 
of  the  whirl  mode. 

It  had  been  believed  that  prevention 
of  whirl  was  well  understood  but  this 
apparently  was  not  the  case.  Accordingly, 
all  effort  was  placed  on  studying  the 
mechanics  of  the  motion.  Whirl  must  be 
prevented  if  testing  were  to  continue  with 
the  existing  apparatus. 

The  whirl  work  proceeded  on  two  fronts, 
theoretical  and  experimental.  The  theoret¬ 
ical  work  consisted  of  a)  calculation  of 
the  whirl  motion  with  damping  and  b)  the 
investigation  of  higher  frequency  whirl 
modes.  The  work  under  a)  is  described  in 
an  ASME  paper^,  which  covers  that  part  of 
the  problem.  A  re-analysis  of  the  mechan¬ 
ics  of  the  support  also  showed  that  the 


conventional  critical  speed  of  the  shaft 
was  lower  than  had  been  calculated.  The 
flywheel  to  which  the  shaft  was  rigidly 
attached  did  not  constitute  a  built-in 
support  as  had  been  assumed. 

The  experimental  work  consisted  of 
measurements  of  the  damping  and  observa¬ 
tions  of  the  motion  of  metal  wheels  while 
spun  under  various  conditions  of  imbalance. 
Several  months  before  the  second  failure, 
the  neoprene  damping  cushion  had  been 
removed  and  the  spherical  surfaces  held 
together  under  spring  pressure,  lubricated 
with  heavy  grease  to  provide  the  damping 
required.  Observation  of  the  wheel  eccen¬ 
tricity  while  spinning  showed  erratic 
motion  of  considerable  amplitude  with  thd 
grease  damping  compared  to  the  relatively 
smooth  motion  of  smaller  amplitude  with 
the  cushion. 

As  a  result  of  these  investigations, 
the  shaft  length  was  reduced  by  about  100 
mm  and  the  neoprene  cushion  reinstalled. 

To  verify  the  stability  of  the  system,  a 
disk  was  built  that  contained  a  weight  de¬ 
signed  to  shift  radially  when  a  speed  of 
about  10  krpm  was  reached.  When  the  weight 
shifted,  it  moved  the  center  of  gravity  of 
the  spinning  disk  about  0.3  mm  and  caused 
the  center  of  the  disk  to  jump  30  mm.  The 
resulting  oscillation  was  damped  out  in 
about  ten  seconds.  In  all  subsequent  tests, 
the  damping  was  observed  on  the  motion 
recorder  by  striking  the  wheel  under  test 
with  a  rubber  hammer  before  starting  its 
rotation. 

FLYWHEEL  TEST  PLAN 

The  plan  was  to  design  a  series  of 
concentric  rings  for  which  various  ring-hub 
and  inter-ring  supports  would  be  tested. 
Accordingly,  5  rings  were  specified  with 
ID  to  OD  ratios  of  .85.  The  maximum  dia¬ 
meter  of  the  outer  ring  was  760  mm  which 
at  22  krpm  would  reach  what  was  expected 
to  be  the  ultimate  strength  of  the  material. 
The  inside  diameter  of  the  smallest  ring 
was  about  300  mm.  At  this  diameter,  the 
stress  would  be  small  even  at  full  speed. 

The  objective  of  the  first  year  was  to 
test  the  first  two  of  these  rings  to  the 
full  speed.  This  objective  was  not  met 
until  the  end  of  the  second  year. 

A  total  of  twenty-seven  E-glass  rings 
were  ordered  and  received  from  suppliers. 

In  general,  the  quality  of  these  rings  was 
good  except  for  the  inside  surface  of  one 
group  which  was  not  well  impregnated  with 
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the  epoxy.  Because  of  the  delay  caused  by 
the  support  trouble,  only  the  first  two 
rings  of  the  series  were  tested  at  full 
speed  and  so  the  strength  limit  of  the 
composite  was  not  apporached.  Tension- 
spoke  wheels  of  full  760  mm  diameter  were 
spun^  but  not  to  full  speed.  A  760-mm 
hub-supported  ring  was  under  construction 
when  the  work  stopped. 

ELASTOMERICALLY-SPACED  WHEELS 

In  the  approach  to  be  followed,  the 
first  problem  faced  was  the  hub-to-ring 
attachment.  As  the  initial  plan  was  to  use 
inter-ring  spacers  of  elastomeric  material, 
a  similar  method  was  used  for  the  attach¬ 
ment  of  the  first  ring  to  the  hub.  Although 
centrifugal  stresses  at  this  point  were 
small,  the  relative  motion  between  the 
aluminum  hub  and  the  composite  ring  due  to 
their  different  moduli  of  elasticity  was 
considerable.  Many  runs  were  made  with 
different  designs  of  this  joint.  Finally, 
a  design  consisting  of  alternate  elastomer 
and  fiberglass  layers  which  allowed  appre¬ 
ciable  shear  deflection  was  successful  in 
reaching  the  full  22  krpm.  The  design  is 
shown  in  Fig.  5. 


Fig.  5.  Laminated  Elastomeric  Hub-to-Ring 
Joint. 


Concurrently  with  the  work  on  the  hub- 
to-ring  joint,  work  was  also  done  on  an 
elastomeric  spacer  between  the  first  and 
second  ring.  This  consisted  of  a  layer  of 
rubber  grooved  to  allow  lateral  expansion 
of  the  rubber  and  bonded  to  both  ring  sur¬ 
faces.  Machining  the  grooves  is  shown  in 
Fig.  6.  Very  little  testing  was  done  on 
the  two-ring  elastomeric  spacer  wheel  be¬ 
cause  of  the  problem  of  the  hub-to-ring 
joint  which  was  not  solved  until  near  the 
end  of  the  project. 


Fig.  6.  Slots  Being  Ground  into  Nitrile 
Rubber  Separator. 


MECHANICALLY  SPACED  WHEELS 

The  difficulty  with  the  elastomeric 
joints  lead  to  consideration  of  alternate 
supporting  schemes.  One  of  the  most  ob¬ 
vious  was  to  machine  grooves  in  the  rings 
and  to  separate  and  support  them  by  flex¬ 
ible  metal  bands  having  mating  teeth.  In 
this  approach,  the  hub  would  be  a  toothed 
disk.  This  design  was  analyzed  in  consid¬ 
erable  detail  and  many  runs  were  made  on 
versions  of  it.  The  first  inter-ring  spacer 
of  this  type  was  a  continuous  band,  slotted 
to  allow  it  to  expand  with  the  ring  against 
which  it  was  held  by  centrifugal  force  and 
provided  with  inward  and  outward  pro¬ 
jecting  teeth.  Later  designs  as  shown  in 
Fig  7  used  individual  "tabs"  which  were 
much  easier  to  make. 


Fig.  7.  Inter-ring  Spacers. 

The  rings  shown  in  Fig.  8  were  of 
this  "tooth-and-groove"  type.  Its 
testing  showed  up  an  important  problem 
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with  this  design.  When  the  grooves  are 
machined  in  the  faces  of  the  rings,  circum¬ 
ferential  fibers  passing  through  the  lands 
between  the  grooves  are  necessarily  cut. 

The  lands,  therefore,  must  be  supported  by 
shear  between  their  root  surfaces  and  the 
uncut  part  of  the  ring.  By  holding  the 
groove  depth  to  3  mm,  the  shear  stress  is 
not  excessive.  However,  the  radial  hoop 
tension  causing  the  ring  to  dilate  is  not 
present  in  the  lands.  The  dilation  of  the 
ring  must  be  transmitted  to  the  lands  by 
circumferential  shear  stress  which  is  too 
large  for  the  epoxy  material  of  the  ring 
to  withstand.  For  this  reason,  spinning 
the  grooved  wheels  above  about  10  krpm 
caused  the  lands  to  break  off  the  rings. 

The  lands  broke  one  at  a  time,  each  sound¬ 
ing  like  a  pistol  shot  when  it  struck  the 
wall  of  the  tank.  The  remedy  was  to  make 
the  lands  of  a  different  material  from  the 
ring  and  to  cast  them  in  place  on  the  ring 
surface.  The  land  material  was  compounded 
of  epoxy  and  hycar  to  obtain  an  allowable 
deformation  equal  to  that  of  the  ring. 

This  change  worked  successfully  up  to  the 
maximum  surface  speed  tested,  approximately 
500  meters  per  second  where  the  accelera¬ 
tion  is  about  60,000  times  gravity. 


Fig.  8.  Toothed  Ring-to-Hub  Assembly. 

The  hub  teeth  and  tab  teeth  are  fitted 
closely  in  the  grooves  in  the  composite 
rings.  However,  as  the  rings  expand  during 
rotation,  the  clearances  of  the  teeth  in 
the  grooves  increases  allowing  an  increase 
in  eccentricity  between  the  rings.  The 
effect  of  the  eccentricity  is  to  load  the 
teeth  by  the  centrifugal  force  between  the 
rings.  This  effect  is  increased  as  the 
number  of  rings  is  increased  and  is  signi¬ 
ficant  for  five  rings.  It  was  also  realized 
that  the  inner  rings  contributed  little  to 
the  stored  energy.  A  two  or  three  ring  set 
would  be  more  economical  if  a  larger  hub 
diameter  were  feasible. 


About  this  time,  it  was  realized  that 
following  the  theory  described  by  Stodola^, 
a  metal  hub  could  be  designed  that  would 
support  even  the  largest  760-mm  diameter 
ring,  provided  its  rim  thickness  was  made 
small.  Accordingly,  an  aluminum  hub  of 
this  design  was  built  for  the  number  two 
ring  and  tested  with  that  ring.  This_ 
wheel  reached  the  highest  energy  density 
of  any  test  during  the  project,  14  watt- 
hours  per  pound  at  512  meters  per  second, 
surface  speed. 

TENSION  SPOKES 

The  third  design  approach  was  the  use 
of  spokes  of  composite  material  to  attach 
the  ring  to  the  hub.  A  wheel  of  this  type 
is  shown  in  Fig.  9.  The  principle  involved 
is  to  design  the  spokes  so  that  their  shape 
does  not  change  under  the  application  of 
centrifugal  force.  Only  a  few  runs  could 
be  made  on  this  configuration  before  the 
work  was  stopped.  However,  10  krpm  was 
reached  with  the  760-mm  OD  wheel  shown 
before  failure  of  the  spoke  attachment. 

This  corresponds  to  8.6  watt-hours  per 
pound.  The  design  and  performance  of  this 
type  of  wheel  is  covered  by  another  paper^ 
at  this  meeting. 


Fig.  9.  Tension-Spoke  Wheel. 


CONCLUSIONS 

In  spite  of  the  interruptions  by  sup¬ 
port  problems,  it  is  felt  that  sufficient 
work  was  done  to  justify  certain  conclu¬ 
sions.  These  can  be  stated  as  follows: 

1.  Flywheels  can  run  stably  with 
pendulum  support  provided  damping  is  pro¬ 
vided  and  critical  speeds  are 

kept  out  of  the  operating  range. 

2.  It  is  unlikely  that  isotropic 
elastic  materials  will  be  satisfactory  for 
hub-to-ring  or  ring-to-ring  joints.  On 
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the  other  hand,  anisotropic  materials  such 
as  the  fiberglass  elastomer  laminations 
used  in  the  last  tests  may  be  suitable. 

3.  Fiber-composite  multiple  rings 
can  be  built  that  will  reach  useful  energy 
densities.  Although  tests  were  limited  by 
the  diameter  of  the  wheels,  an  energy  den¬ 
sity  of  14  watt-hours  per  pound  was  reached 
with  an  11 -kg  flywheel. 

4.  The  tension  spoke  design  is  very 
promising  for  single  rings. 

5.  Solutions  were  found  for  all  the 
difficulties  encountered  at  the  stress 
levels  reached.  It  is  believed  that  these 
solutions  will  be  applicable  up  to  the  ul¬ 
timate  strength  of  the  flywheel  material. 
Further  testing  will  be  required  to  confirm 
that  opinion. 

DETAILED  REPORTS 

The  work  described  is  reported  in 
detail  in  two  EPRI  reports’^’®  covering  the 
first  and  second  year,  respectively. 
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ABSTRACT 

This  paper  discusses  the  various  failure  inodes  that  can  be  expected  to  play  a  role 
in  limiting  the  performance  of  composite  flywheels,  including  fiber  breakage,  matrix 
failure  due  to  transverse  strain  limitations  and  interlaminar  shear  failures.  The  role 
of  radial  strain  failure  in  hoop  wound  wheels  and  the  use  of  high-strain  matrix  materials 
in  avoiding  such  failures  are  discussed.  Also  discussed  is  the  need  for  adequate  charac¬ 
terization  of  the  composite  with  respect  to  fatigue  and  stress  rupture.  Fracture  tough¬ 
ness  considerations  in  composites  are  described.  Finally,  the  relation  of  fracture 
characteristics  to  containment  requirements  is  considered. 


INTRODUCTION 

Performance  estimates  for  composite 
flywheels  are  usually  based  on  ultimate 
tensile  strength  data  on  unidirectional 
composites  obtained  in  short-term  monotonic 
loading  tests.  In  order  to  provide  more 
realistic  assessments  of  performance,  account 
must  be  taken  of  strength  degradation  under 
cyclic  and  long  term  steady  loading  so  that 
a  knowledge  of  fatigue  and  creep  rupture 
properties  must  be  factored  into  the  per¬ 
formance  estimate.  In  addition,  a  useful 
discussion  of  failure  modes  must  allow  for 
the  fact  that  the  reinforcement  may  be  bi¬ 
directional,  as  in  the  Avco  approach,  in 
contrast  to  all-circumferential  reinforce¬ 
ment  found  in  simple  rim  wheels  and  solid 
discs.  The  simplest  types  of  failures  are 
probably  those  in  the  case  of  radial  spoke 
and  dry  hoop  wound  configurations  where 
failure  is  restricted  to  fiber  breakage. 

In  the  case  of  pure  circumferential  windings, 
failures  include  fiber  failures  associated 
with  the  hoop  stresses  and  transverse 
splitting  associated  with  radial  stresses 
which  arise  when  the  radial  thickness  of 
the  winding  is  not  small  (i.e,  outer- to- 
inner  radius  ratio  appreciably  greater  than 
unity).  With  bidirectional  reinforcement, 
interlaminar  shear  stresses  constitute  a 
primary  mode  of  transferring  load  support 
from  hoop  reinforcements  to  radial  rein¬ 
forcements  so  that  fatigue  and  creep  rupture 
properties  with  respect  to  interlaminar 
shear  stressing  must  be  accounted  for  in 
evaluating  long-term  performance.  Beyond 


the  effect  of  interlaminar  shear  stressing, 
interaction  of  layers  in  multi -directional 
laminates  has  long  been  a  stumbling  block 
to  composites  designers  in  that  the  usual 
failure  theories  tend  to  predict  excessively 
low  strength  levels  due  to  transverse 
straining  of  individual  plies,  whereas  damage 
associated  with  transverse  straining  may  in 
fact  be  quite  benign  and  of  a  non-propagating 
variety.  Benign  damage  also  shows  up  in 
notched  specimens  subjected  to  both  steady 
state  and  fatigue  loading  where  it  is  some¬ 
times  found  that  residual  strength  is  higher 
after  cycling  than  before. 

If  it  is  established  that  the  role  of 
the  matrix  is  only  for  providing  dynamic 
stability  through  structural  stiffiiess, 
thought  should  be  given  to  relieving  the 
matrix  from  contributing  to  failures  by  use 
of  high-strain,  low  stiffness  matrix  mater¬ 
ials.  The  radial  failure  problem  in  hoop 
wound  wheels  may  be  an  artificial  one  asso¬ 
ciated  with  use  of  too  rigid  a  resin,  al¬ 
though  the  dangers  of  pushing  the  "soft 
matrix"  approach  too  far  may  lead  to  a  wheel 
which  is  so  "limp"  as  to  make  dynamic 
instabilities  intractable. 

Failure  considerations  play  a  role  not 
only  in  establishing  a  realistic  level  to 
which  to  de-rate  proposed  materials,  but 
also  in  providing  a  standpoint  from  which 
to  consider  potential  safety  hazards  and 
minimum  requirements  for  protecting  against 
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them.  Expectations  have  generally  been 
prevalent  that  failures  of  composite  fly¬ 
wheels  will  be  benign  and  easy  to  protect 
against.  This  is  likely  to  be  true  if  low 
interlaminar  strengths  of  composites  which 
are  usually  encountered  lead  to  very  fine- 
structured  break-up  of  the  wheel  material. 

If  interlaminar  strengths  are  raised  above 
some  level  not  known  at  present,  failure 
could  take  place  in  the  form  of  large 
chimky  fragments  as  is  the  case  with  metals , 
making  the  containment  problem  more  serious 
than  is  presently  anticipated. 

The  following  discussion  will  address 
itself  to  these  areas  of  consideration. 

RELATION  OF  EXPECTED  FAILURE  MODES 
TO  DESIGN  CONCEPTS 

GENERAL  OBSERVATIONS 

The  following  are  composite  reinforce¬ 
ment  concepts  which  have  been  considered^, 

TABLE  1 

COMPOSITE  FLYWHEEL  CONCEPTS 

1.  Radial  and  fanned  brush 

2.  Rim- type  (fixed  radial  spokes  or 
connectors) 

3.  Rim- type  (flexible  rim  connectors) 

4.  Pure  circiamferential  wound  (may  be 
shaped) 

5.  Laminated  bi-directional  reinforce¬ 
ment 

6.  Radial -wrapped  core 

7.  Pseudo-isotropic  disc  (laminated 
layups  may  be  shaped) 

8.  Geodesic  wound 

9.  Rods  or  bars 

10.  Concentric  rings 

Little  experience  has  been  met  to  date  with 
achieving  clear-cut  overspeed  failures  in 
composite  wheels  since  performance  limita¬ 
tions  have  been  associated  with  dynamic 
instabilities,  deficient  hub /attachment 
design,  and  similar  features  not  related 
to  stress  failure  of  the  composite.  Moss 
and  Gerstle^  state  that  for  a  pure  circum¬ 
ferentially  wound  Kevlar  epoxy  wheel  which 
they  produced,  radial  cracking  corresponding 
to  transverse  strain  failure  of  the  Kevlar 
epoxy  was  the  performance  limiter.  Apparent¬ 
ly,  such  cracking  was  not  actually  observed 
in  their  wheel  because  of  the  low  operating 
speeds  they  confined  their  experiments  to 


(1.7  Watt  hr/lb).  Thus,  any  discussion  of 
expected  failure  modes  in  composite  fly¬ 
wheels  cannot  help  but  be  somewhat  specu¬ 
lative  and  is  usually  not  backed  up  by  hard 
data.  One  of  the  obvious  deficiencies  in 
current  state  of  the  art  is  the  need  for 
clear-cut  demonstration  of  valid  failure 
modes.  The  following  discussion  is  based 
on  general  experience  with  composites  to¬ 
gether  with  rational  guesses  as  to  what 
failure  modes  are  likely  to  be  associated 
with  particular  reinforcement  configurations. 

DISCUSSION  OF  PARTICULAR  FAILURE  MODES 

1)  Pure  Fiber  Breakage 

In  the  case  of  such  configurations  as 
radial  and  fanned  brush,  radial  rods  and 
bars,  and  dry  wound  circumferential  winds 
(Table  1,  items  1,  4,  and  9),  simple  tensile 
failures  due  to  longitudinal  tension  in  the 
filaments  would  be  the  only  failure  mode  to 
be  expected.  Design  relatively  close  to 
static  ultimate  strengths  could  probably  be 
achieved  in  this  case.  Due  allowance  for 
fatigue  degradation  and  creep  rupture  of 
the  fibers  would  be  required  in  the  form  of 
some  de -rating  from  measured  ultimate  strength 
values.  In  addition,  safety  margins  would 
have  to  be  chosen  to  allow  for  statistical 
variability  of  static  ultimate  strengths. 

2)  Radial  Strain  Failure 

Figure  1  shows  typical  radial  and  hoop 
stress  distributions  in  simple  hoop  wound 
wheels  with  various  ratios  of  hoop-to-axial 
modulus.  (Figure  1  applies  to  an  outer-to- 
inner  radius  ratio  of  21).  More  pertinent 
to  the  understanding  of  radial  failures  is 
the  comparison  of  hoop  and  radial  strain 
distributions.  Table  2  gives  the  ratio  of 
maximum  radial  strain,  er)inax  maximum 
hoop  strain,  ee)max  '^^ich  is  deduced  from 
the  curves  of  Figure  1  for  the  three  cases 
considered.  Using  the  data  of  Table  3  for 
Kevlar  49  epoxy^,  the  allowable  transverse 
strain  is  less  than  0.153  times  the  allow¬ 
able  longitudinal  strain  for  typical  epoxy 
matrix  materials,  so  that  none  of  the 
radial  strain  levels  in  the  cases  shown  in 
Table  2  could  be  tolerated. 

Methods  for  climating  radial  strain 
failures  include  reducing  the  outer- inner 
radius  ratio  of  the  hoop  wound  wheel,  use 
of  elastomeric  matrix  materials  capable  of 
large  strain  and  addition  of  reinforcement 
in  directions  other  than  the  hoop  direction. 
For  thin  rim  wheels,  using  the  notation 
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t  =  rt  -  Ti 


(r^  =  outer  or  "tip"  radius,  r^  =  inner 
radius) 


Od). 


1/2 


t  ^  ..4  R^ultN 
\  3  Og)ul'tJ 


(3) 


For  Kevlar  epoxy,  Table  3,  this  leads  to 


it  can  be  shown*  that  for  a  relatively  rigid 
matrix  the  stress  ratio  is 


-  <  0.105 
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c?  ) 
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and  the  corresponding  strain  ratio  is 
.  E, 


e  ) 

r^  max 

e«) 

6^  max 
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r  t 
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so  that  if  the  strain  ratio  is  given,  the 
upper  limit  on  the  rim  thickness  is  given 
by: 

TABLE  2 

RELATIVE  RADIAL  STRAINS  IN  HOOP  WOUND  WHEELS 
DETERMINED  FROM  FIG.  1- 

^t 

21) 

i 

a  =  '*tip  stress"  for  thin  rim  wheel  = 

^  2  2 
po>  r^ 

r^  =  tip  radius;  r^  =  inner  radius 

E. 


—  (bP  ) 

Lr  t 


0  max 


0.825 


16 


0.56 


64 


0.70 


This  is  a  severe  limitation  on  rim  thickness 
but  might  be  gotten  around  by  constructing 
a  thicker  ring  from  a  series  of  concentric 
non “Communicating  thin  rings.  Post  and 
Post^  discussed  a  concept  of  this  type  in 
which  fiber  layers  were  separated  by  soft 
elastomeric  layers. 

The  route  of  elastomeric  matrices  has 
been  discussed  by  Post  and  Post,  ^ 
by  Lewis  and  Natarajan^  for  hoop  wound 
wheels  and  in  radially  overwrapped  wheels 
with  hoop  wound  cores It  should  be  noted 
that  even  for  very  soft  matrices  the  ratio 
of  radial  to  circumferential  strain  will  be 
no  greater  than  3.*  For  fiber  materials 
like  Kevlar  which  have  ultimate  strains  on 
the  order  of  1-2%  then,  transverse  strains 
in  the  unidirectional  composite  are  not 
required  to  be  greater  than  about  5-6%  to 
eliminate  radial  failures.  On  the  other 
hand  the  radial  strain  problem  is  a  problem 
of  limited  matrix  strain  aggravated  by 
strain  concentrations  associated  with  close 
approach  of  fibers  embedded  as  hard  inclu¬ 
sions  in  the  matrix.  Excessively  high  fiber 
densities  (i.e.  greater  than  about  65%)  must 
be  avoided  to  prevent  such  strain  concentra¬ 
tions  from  getting  too  large. 

Multidirectional  reinforcement  as 
exemplified  by  the  Avco  wheel  which  involves 
hoop  wound  disks  reinforced  with  petal-shaped 
radial  strips  will  help  to  eliminate  the 
problem  of  radial  strain  failure. 


®R^max 


In  summary,  the  radial  strain  failure 

0.412  0.08  0.02  problem  appears  to  be  one  which  lends  itself 

to  a  number  of  straight  forward  solutions. 


^R^max 
h  — - 

^G'^max  - 


^R^max 
0  max 


0.36 


2.28 


1.82 


3)  Interlaminar  Shear  Failure 

In  the  case  of  the  Avco  bi-directional 
concept  care  must  be  taken  that  interlaminar 
shear  stresses  do  not  jeopardize  the  integrity 


*See  Appendix  to  thi-s  paper. 


*For  cases  where  E^  «  E  ,  the  hoop  strain 
is  almost  exactly  equal  to  pto^r^/E  .  With 
the  kinematic  relations  ^-r  ~ 

dU/dr  we  are  led  to  U  =  pto^r^/E^  and 


(e'  dU/dr)  =  3(pa)2r2/E.)  i.e.  c  ®=  3  e, 


’-e 
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TABLE  3 


MECHANICAL  PROPERTIES 

OF  KEVLAR  49 

EPOXY 

Load  Orientation/sign* 

L/C 

L/t 

T/c 

T/t 

Modulus ,  G  Pa 

73 

87.6 

4.5 

4.65 

Strength,  G  Pa 

0.254 

1.5 

0.053 

0.0123 

Ult.  Strain,  % 

0.0035 

0.017 

0.017 

0.0026 

*Load  Orientation:  L  =  longitudinal  (parallel  to  fiber) 

T  =  transverse;  Load  Sign:  c  =  compression,  t  =  tension 


of  bonding  between  hoop  and  radial  elements 
since  release  of  this  bond  would  quickly 
lead  to  overstressing  of  hoop  reinforcements. 
Proper  design  of  the  radial  elements  can 
reduce  the  level  of  interlaminar  shear 
stresses  to  safe  values  provided  that 
the  bond  is  adequately  characterized 
with  respect  to  fatigue  and  stress  rupture. 

In  general,  it  should  be  recognized  that 
multidirectional  laminated  configurations 
including  quasi-isotropic  laminated  lay¬ 
ups  (Table  1,  item  7)  could  be  subject  to 
interlaminar  strength  requirements. 

4)  Transverse  Ply  Splitting  in  Multi-Direc¬ 
tional  Laminates 

Laminates  reinforced  in  more  than  one 
direction,  especially  0/90°  cross  ply 
laminates,  tend  to  exhibit  incipient  matrix 
damage  at  low  stress  levels  because  the 
transverse  strain  of  the  plies  tends  to  be 
less  than  the  ultimate  strain  of  the  fibers. 
This  phenomenon  is  signalled  by  the  presence 
of  one  or  more  "knees"  in  the  stress  strain 
curve.  There  is  a  wide  divergence  of  opinion 
as  to  whether  or  not  this  should  be  consi¬ 
dered  incipient  failure  and  used  as  a  limit¬ 
ing  stress  for  design  calculations.  Accep¬ 
tance  of  such  a  limitation  may  be  over¬ 
conservative  and  an  unnecessary  sacrifice 
of  the  full  range  of  performance  of  the 
composite.  The  decision  to  accept  the 
incipient  damage  level  as  a  design  limit 
should  be  based  on  observations  concerning 
the  propagation  of  fatigue  and/or  creep 
rupture  failures  at  such  levels.  In  the 
usual  applications  of  composites  initial 
damage  sites  may  constitute  paths  of  access 
to  adverse  effect;s  of  humidity  or  other 
environmental  factors.  In  the  flywheel 
case,  where  operation  in  a  vacuum  is  ex¬ 
pected  to  be  normal  procedure >  this  should 
not  be  a  consideration. 


FATIGUE  AND  STRESS  RUPTURE  OF  COMPOSITES 

To  perform  satisfactorily  as  flywheel 
materials  composites  must  possess  favorable 
stress  rupture  properties.  There  is  a 
scarcity  of  data  on  this  aspect  of  composite 
behavior,  and  such  data  as  exists  do  not 
pertain  specifically  to  the  vacuum  environ¬ 
ment  of  flywheel  operation.  Limited  data 
for  a  few  laminate  configurations  of  boron/ 
epoxy  are  available  in  the  AFML  Composites 
Design  Guide^.  Even  more  limited  data  are 
given  for  several  graphite/ epoxy  systems. 
Lawrence  Livermore  Laboratories  have  completed 
several  years  of  study  of  S-glass/epoxy  and 
Kevlar/ epoxy  tested  in  air^.  In  these  tests 
resin  impregnated  fiber  strands  were  sub¬ 
jected  to  sustained  loading  at  room  temper¬ 
ature.  In  the  case  of  S-glass  strands  the 
average  one -hour  strength  was  about  76%  and 
the  10^  hour  strength  was  57%  of  the  static 
ultimate  strength.  The  absolute  short  and 
long  term  average  values  were  about  the  same 
for  Kevlar  strands  but  these  corresponded 
to  relative  values  of  92  and  72%,  respec¬ 
tively,  based  on  the  static  strength  of  the 
strands.  It  is  questionable  whether  or  not 
the  strand  tests  are  actually  representative 
of  behavior  in  unidirectional  composites 
inasmuch  as  the  fiber  strength  is  seldom 
fully  realized  in  standard  tension  tests, 
either  because  of  test  deficiencies  or  degrad¬ 
ation  of  the  fibers  during  composite  fabri¬ 
cation.  There  is  also  reason  to  believe 
that  stress  rupture  performance  in  vacuum  of 
S-glass  composites  may  be  substantially 
better  than  in  air  due  to  the  absence  of 
moisture  absorption  which  often  degrades 
mechanicaJ  properties.  Sustained  loading 
data  published  for  unidirectional  boron/ 
epoxy  shows  similar  characteristics  to  Kev¬ 
lar^,  i.e.,  100  minutes  sustained  life  at 
90%  of  static  ultimate  and  long  term  life 
(-  10^  hrs.)  at  about  70%  of  ultimate. 
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Published  data  for  unidirectional  graphite/ 
epoxy  are  difficult  to  find  but  data  for 
angle-ply  laminates  are  comparable  relative 
to  static  strength  to  that  for  boron/epoxy^ ^ . 

Medium  cycle  fatigue  strength  (-  10^ 
cycles)  is  another  requirement  of  flywheel 
materials.  Generally  speaking,  unidirection¬ 
al  composites  exhibit  good  fatigue  properties 
at  all  ranges  in  tension-tension  loading. 

The  exception  to  this,  as  in  the  case  of 
sustained  loading,  is  S-glass/epoxy .  This 
material  has  the  steepest  S-N  curve  of  all 
the  advanced  composites^^"^^ .  Mean  fatigue 
strength  at  10^  cycles  has  been  found  to  be 
as  low  as  30%  of  static  ultimate  in  zero- 
tension  tests  conducted  in  air  on  one  type 
of  S-glass  composite^ There  is  some 
contradiction  in  test  results  that  have 
been  published,  however.  For  instance, 
the  10^  cycle  fatigue  strength  of  5°  S- 
glass/epoxy  specimens  subjected  to  fully 
reversed  loading  was  observed  to  be  about 
35%  of  static  ultimate  while  that  of  [0-90] 
cross-ply  specimens  was  nearly  60%  of 
ultimate^ This  is  still  relatively  low 
compared  to  85%  for  unidirectional  boron/ 
epoxy®  and  about  75%  for  graphite /epoxy® 
and  Kevlar/epoxy.  The  reason  for  the  rela¬ 
tively  low  performance  of  S-glass  may  again 
be  the  susceptibility  of  S-glass  fibers  to 
attack  by  moisture,  and  judgement  regarding 
the  use  of  this  material  for  flywheel  appli¬ 
cations  should  be  reserved  until  testing 
has  been  conducted  in  vacuum.  The  fatigue 
resistance  of  metal  matrix  composites  such 
as  boron/altiminum  is  similar  in  character 
to  that  of  boron/ epoxy  at  room  temperature 
and  substantially  better  at  elevated  temper¬ 
ature®.  Behavior  of  metal/matrix  composites 
under  fatigue  loading  depends  to  a  large 
extent  on  the  heat  treatment  characteristics 
of  the  matrix  and  fabrication  induced  resi¬ 
dual  stresses.  Some  studies  have  indicated 
that  fatigue  strength  may  be  enhanced  by 
thermo -mechanical  cycling  to  rearrange  the 
residual  stress  stated®. 

Fatigue  failure  in  composites  is  a 
process  of  randomly  occurring  failure 
mechanisms  starting  with  microcracking  in 
the  matrix,  proceeding  to  fracture  of  the 
weakest  fibers  and  subsequent  debonding  of 
fibers  and  matrix.  There  seems  to  be  even 
more  statistical  variation  inherent  in  this 
process  than  in  the  fatigue  failure  process 
of  metals,  and  reliable  design  of  composite 
flywheels  will  require  extensive  fatigue 
testing  to  establish  material  design  para¬ 
meters.  This  should  be  done  by  way  of  a 
test  methodology  which  does  not  obscure 
behavior  characteristics  in  actual  flywheel 


operating  conditions.  For  instance,  in  the 
usual  repeated  load  testing  of  polymer  matrix 
composites,  considerable  heat  is  generated 
through  hysteresis  and  friction  believed  to 
occur  in  regions  of  damage.  The  temperature 
increase  observed  may  influence  the  subse¬ 
quent  behavior  of  the  composite  under  cyclic 
loading.  In  a  flywheel  operation  this  temper¬ 
ature  rise  may  or  may  not  be  present  since 
the  time  interval  between  recharging  of  the 
flywheel  will  be  relatively  long  compared  to 
the  time  between  maximum  loads  in  the  fatigue 
test.  At  the  same  time,  the  absence  of  a 
medium  for  heat  transfer  could  have  just  the 
opposite  effect  on  temperature  rise  and  sub¬ 
sequent  behavior.  In  any  case,  the  dispara- 
ties  between  testing  and  operational  condi¬ 
tions  will  have  to  be  resolved  if  intelligent 
selection  of  composites  for  flywheel  mater¬ 
ials  is  to  be  made  on  the  basis  of  fatigue 
tests . 

TOUGHNESS  CONSIDERATIONS 

Design  configurations  considered  to  be 
efficient  for  flywheel  applications  mostly 
employ  either  hoop  wound,  unidirectional 
or,  as  with  the  Avco  concept,  [0-90]  cross - 
ply  fiber  reinforcement.  The  question  as 
to  whether  catastrophic  fracture  could  occur 
during  operation  is  important  to  the  safety 
assessment  of  such  composite  flywheels.  As 
there  has  been  little  experience  with  testing 
flywheels  to  failure,  recourse  must  be  had 
to  the  large  store  of  fracture  test  data 
collected  on  composites  in  recent  years. 
Numerous  test  methods ,  including  center  and 
edge-notched  tension,  compact  tension,  and 
slow,  edge-notched  bend  tests  have  been 
employed  on  a  wide  variety  of  composite  types 
and  laminate  configurations.  The  various 
tests  have  generally  been  implemented  within 
the  framework  of  fracture  mechanics  despite 
the  fact  that  the  failure  phenomena  involved 
seldom  resemble  crack  propagation  as  such. 
Measurements  have  been  made  of  such  para¬ 
meters  as  fracture  energy,  strain  energy 
release  rate  and  critical  stress  intensity 
factor.  The  results  obtained  have  depended 
on  specimen  configuration  and  test  method, 
and  there  has  seldom  been  correspondence 
between  parameter  values  measured  on  the 
same  material  by  different  test  methods. 
Factors  related  to  an  inherent  character¬ 
istic  size,  to  edge  effects,  and  to  growth 
of  a  subcritical  damage  region  adjacent  to 
the  notch  contributed  to  the  complexity  of 
fracture  behavior.  Test  results  are  also 
statistically  variable  with  a  standard 
deviation  of  20%  not  uncommon  for  carefully 
measured  parameters.  While  general  fracture 
criteria  for  composites  are  not  yet  state- 
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of-the-art,  there  are  nonetheless,  some 
pertinent  observations  regarding  unidirec¬ 
tional  and  cross-ply  laminates,  which  may 
have  some  bearing  on  their  safe  use  in 
flywheels . 

In  the  case  of  uni directionally  rein¬ 
forced  polymer  composites,  experience  has 
shown  that  crack  propagation  invariably 
tends  to  occur  parallel  to  fibers  rather 
across  them  regardless  of  the  orientation 
of  flaws,  notches,  or  applied  loads.  This 
behavior  is  due  both  to  material  hetero¬ 
geneity  and  anisotropy.  The  toughness  of 
polymer  based  composites  is  low  in  the 
transverse  direction  so  that  a  crack  tip 
is  inevitably  deflected  to  run  parallel  to 
fibers.  Even  in  cases  where  fracture 
is  constrained  to  occur  across  fibers,  as 
in  a  severely  side  grooved  contact  tension 
specimen,  some  parallel  slitting  usually 
occurs  before  the  main  crack  tip  jumps 
across  fibers.  The  critical  strain-energy 
release  rate  in  the  transverse  direction 
typically  ranges  from  about  0.2  kJ/m^  for 
graphite/ epoxy  to  about  2  kJ/m^  for  S -glass/ 
epoxy.  In  the  latter,  there  is  evidence 
that  the  transverse  toughness  increases  with 
crack  length  due  to  crack  bridging  action 
of  the  fibers.  Few  valid  toughness  measure¬ 
ments  have  been  accomplished  for  fracture 
across  fibers  in  unidirectional  composites, 
but  such  data  as  are  available  indicate 
this  to  be  of  the  order  of  55  MN/m^  * 
in  high  strength  graphite/ epoxy.  It  is 
estimated  to  be  several  times  higher  than 
this  in  S-glass/epoxy;  however,  valid 
measurements  have  yet  to  be  obtained.  No 
published  fracture  data  are  available  for 
Kevlar  reinforced  composites,  and  it  is 
difficult  to  speculate  on  fracture  behavior 
of  this  material  based  on  its  unidirectional 
tension  properties  alone.  Unidirectional 
metal  matrix  composites  such  as  boron/ 
aluminum  exhibit  a  behavior  somewhere  be¬ 
tween  metals  and  polymer  matrix  composites. 
The  crack  trajectory  may  proceed  in  a 
tortuous,  zig-zag  fashion,  parallel  to  and 
across  fibers,  but  generally  the  test  speci¬ 
men  is  fractured  perpendicular  to  the  load 
direction.  Fracture  toughness  values  as 
high  as  120  MN/m^  have  been  obtained. 


*For  typical  steels,  fracture  toughness 
levels  on  the  order  of  57  MN/m^  /m  (4340 
steel,  20°C)  are  obtained  by  way  of  com¬ 
parison. 


The  fracture  behavior  of  some  cross - 
ply  composites  resembles  fracture  in  metals. 
[0-90]  Graphite/epoxy  and  boron/epoxy  are 
examples  of  this  as  evidenced  by  their  rela¬ 
tively  flat  crack  trajectory  transverse  to 
the  load.  Various  damage  mechanisms  occur 
in  addition  to  crack  propagation,  which 
seem  to  have  significant  influence  on  the 
laminate  toughness.  Toughness  values  for 
graphite/epoxy  [0-90]  laminates  are  typically 
of  the  order  of  30  MN  i/m/m^.  The  magnitude 
of  toughness  seems  to  depend  primarily  on 
the  ratio  of  ply  tension  strength  in  the 
fiber  direction  to  the  interlaminar  shear 
strength.  When  this  ratio  is  high,  a  large 
damage  zone  can  develop  ahead  of  the  crack 
tip,  effectively  blunting  it.  The  nature 
of  damage  in  this  zone  appears  to  be  pri¬ 
marily  in-ply  parallel  fiber  splitting  and 
debonding  between  plies.  The  damage  zone 
in  a  cross-ply  laminate  acts  similarly  to 
the  crack-tip  plastic  zone  in  a  metal,  but 
appears  to  be  significantly  larger.  In 
cross-ply  S-glass/epoxy  the  tensile  to  inter¬ 
laminar  strength  ratio  is  so  high  that  it 
is  virtually  impossible  to  propagate  a  sharp 
crack.  Instead,  the  damage  zone  itself 
increases  in  size,  giving  this  material  a 
very  high  apparent  toughness.  Perhaps  be¬ 
cause  of  a  lower  tensile-to-laminar  strength 
ratio,  cross -ply  E-glass/epoxy  is  much  less 
tough  measured  values  of  toughness  being  of 
the  order  of  20  MN  m/m^. 

In  assessing  the  relative  safety  of 
composites  to  sudden  fracture  during  opera¬ 
tion,  it  is  necessary  to  consider  the  laminate 
configuration  and  damage  mechanisms.  It  is 
also  important  to  remember  that  the  tough¬ 
ness  parameters  generally  used  to  character¬ 
ize  the  behavior  of  metals  do  not  always 
have  a  conceptual  basis  with  regard  to 
composites,  and  that  toughness  values  quoted 
may  have  meaning  only  in  comparison  with 
other  composites.  In  general,  it  would  not 
seem  likely  that  sudden  fracture  would  occur 
in  a  unidirectionally  constructed  flywheel. 
Cracks  that  might  initiate  at  internal  flaws 
or  stress  raisers  would  tend  to  be  deflected 
parallel  to  fibers  in  a  relatively  benign 
rather  than  catastrophic  fashion.  This  will 
probably  be  true  of  any  of  the  advanced 
fiber  composites  (S-glass,  Kevlar,  graphite, 
boron).  The  cross-ply  configuration,  how¬ 
ever,  sacrifices  much  of  the  toughness  in¬ 
herent  in  the  unidirectional  case,  because 
adjoined  plies  parallel  to  the  applied 
stresses  tend  to  prevent  crack  deflection 
and  permit  propagation  across  rather  than 
parallel  to  the  load  carrying  area.  Never¬ 
theless,  the  development  of  a  characteris¬ 
tic  damage  zone  by  in-ply  splitting  and 
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delaminating  does  tend  to  give  a  reasonably 
high  degree  of  toughness  to  composites 
fabricated  with  S-glass  and  perhaps,  Kevlar 
fibers,  to  the  extent  that  sudden  fracture 
should  not  be  a  major  consideration. 

RELATION  OF  CONTAINMENT  REQUIREMENTS 
TO  FAILURE  MODES 

Resin  matrix  composites  are  character¬ 
ized  by  numerous  planes  of  weakness  inter¬ 
spersed  between  excessively  high  strength 
fibrous  elements,  making  fine-structured 
failures  likely.  Observed  failures  which 
have  occurred  in  both  the  Garrett  multiple 
ring  and  Avco  radially  reinforced  wheels 
tend  to  confirm  the  expectation  that, 
because  of  this  fine  structure,  failures 
of  con^osite  flywheels  will  be  "soft"  and 
easy  to  contain.  By  contrast,  experience 
with  turbine  disks shows  that  metal  fly¬ 
wheels  will  tend  to  fail  in  large  chunks 
having  excessively  high  momentum  levels 
which  makes  containment  extremely  difficult 
for  flywheels  weighing  more  than  a  few 
pounds.  The  problem  is  brought  home  by 
considering  the  fragment  velocities  of 
various  flywheel  concepts.  Since  these 
are  approximately  equal  to  the  tip  speed 
of  the  wheel,  they  can  be  estimated  by  the 
relation  between  maximum  wheel  speed  and 
strength,  i.e.. 


where  is  the  geometric  shape  factor 
is  the  weight  density  (lb-in  ^) ,  g  is 
gravitational  acceleration  (386  in/sec^) 
and  r^  (in)  and  v  (ft /sec)  are  outer  radius 
and  tip  speed,  respectively,  from  which 

i_  ( w Y/2  C5) 

12  \  K  P  .  / 


realized  for  short  periods  of  time  for  impact 
velocities  on  the  order  of  800  ft/sec, 
using  the  acoustic  impedance  relationship 


Z  Z. 

P  =  _£j_  V 
Z  +Z. 

C  f 


(6) 


where  Z  =  acoustic  impedance  of  containment 
materia?,  Z^  =  acoustic  impedance  of  fragment; 
for  a  given  material,  Z  is  calculated  from  E, 
Young’s  modulus,  and  p^,  weight  density,  by 


Eo  \l/2 
g  ' 


(7) 


For  Kevlar  epoxy  fragments  impacting  a 
steel  target  the  same  type  of  calculation 
gives  early  contact  pressures  on  the  order 
285  ksi  for  2000  ft/sec  impact  velocities. 
Small  particles  impacting  thick  targets  tend 
to  realize  the  same  initial  pressures  as 
large  particles  but  unload  more  quickly  due 
to  wave  reflection  from  free  surfaces,  so 
that  the  duration  of  the  contact  pressure 
pulse  is  shorter.  This  is  a  rough  way  of 
characterizing  the  mechanism  by  which  the 
finer  structure  of  composite  failures  can 
lead  to  reduced  containment  requirements. 

An  additional  consideration  is  the  fact  that 
harder  projectiles  tend  to  maintain  small 
areas  of  contact  against  targets  for  long 
periods  of  times  whereas  soft  projectiles 
tend  to  undergo  lateral  flow,  increasing 
areas  of  contact  and  thereby  engaging  more 
of  the  target  available  for  resisting  the 
projectile.  Whereas  the  steels  being  con¬ 
sidered  for  flywheel  applications  have 
static  ultimate  strengths  on  the  order  of 
300,000  psi,  strengths  of  typical  composites 
for  impact  transverse  to  fibers  are  an  order 
of  magnitude  less.  The  ability  of  hard 
(though  brittle)  armor  materials  such  as 
ceramics  to  cause  early  break  up  and  blunting 
of  sharp-tipped  projectiles  is  a  reflection 
of  the  fact  that  such  blunting  is  equivalent 
to  spreading  the  load  exerted  by  the  pro¬ 
jectile  over  large  target  areas,  thereby 
reducing  the  contact  stresses. 


Table  4  shows  a  comparison  of 
tip  speeds  predicted  from  equation  (5)  for 
a  thin  rim  (K  =0.5)  configuration  in  4340 
steel  vs.  Kevlar  epoxy. 

Since  rifle  bullets  typically  travel 
at  speeds  on  the  order  of  1,000-3,000  ft/sec 
the  fragment  velocities  shown  in  Table  4 
can  be  considered  to  be  representative  of 
.ballistic  speeds.  For  steel  fragments  im¬ 
pacting  steel  targets,  contact  pressures 
on  the  order  of  0.7  x  10^  psi  will  be 


It  appears  that  the  most  important  re¬ 
quirement  of  the  containment  shield  is  to 
resist  early  ballistic  penetration  by  fly¬ 
wheel  fragments.  Areal  density  of  the  frag¬ 
ments  defined  as  mass  of  the  projectile 
divided  by  area  of  contact  with  the  contain¬ 
ment  shield  is  an  important  parameter  con¬ 
trolling  the  outcome  of  the  impact  situation, 
and  small  fragments  will  obviously  have  low 
areal  densities.  In  addition  to  fine 
structure  of  fragments,  low  mass  density  of 
composites  is  an  important  factor  in  limiting 
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TABLE  4 


TYPICAL  FRAGMENT  VELOCITIES  IN  FLYWHEEL  FAILURES 

Material  4340  Steel*  Kevlar  Epoxy* 

a  .  (Ib/in^)  140,000  170,000 

(G  Pa)  1-00  1.21 


(Ib/in^)  0.29  0.052 

P  (gm/cm^) 


(ft/sec) 

(m/sec) 


804  2035 

245  619 


*Properties  from  Ref.  14 


fragment  areal  densities. 

Penetration  resistance  of  armor  mater^ 
ials  against  fragments  is  normally  tested 
by  ballistic  firing  of  ^fragment  simulators" 
of  various  designs  against  the  candidate 
protection  material.  However,  actual  frag¬ 
ments  such  as  debris  recovered  from  a  failed 
flywheel  can  be  launched  in  sabots  con¬ 
tained  in  test  rounds.  Determination  of 
the  containment  thickness  required  to 
resist  penetration  can  be  thus  established 
emperical ly. 
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APPENDIX  -  APPROXIMATE  RADIAL  STRESSES  IN 
THIN  RIM  WHEELS 

The  following  calculations  are  devel¬ 
oped  for  a  thin  rotating  ring  of  hoop  modu¬ 
lus  Eg  by  assuming  first  of  all  that  the 
ring  is  split  circumferentially  along  a 
surface  located  at  its  mean  radius, deter¬ 
mining  the  amount  of  separation  that  will 
take  place  between  the  two  pieces  because 
of  differing  linear  speed( corresponding  to 
a  difference  in  mean  radius  of  the  separated 
pieces) which  leads  to  a  difference  in  hoop 
stress,  and  finally,  calculating  the  radial 
stress  that  is  needed  to  cancel  out  the 
separation.  It  is  assumed  that  the  initial 
thickness  of  the  ring  is  so  small  that 


radial  strains  (and  consequently  radial 
modulus)  do  not  enter  into  the  calculations. 
Radial  deflections  correspond  only  to  hoop 
stresses  or  to  the  effect  of  radial  stress 
on  hoop  stress  through  equilibrium. 

In  the  following  the  superscript  +  refers 
to  the  outer  piece  of  the  split  ring  and  - 
to  the  inner  ring.  Thus,  u’*',  v"^,  and 
a  are  the  mean  displacement,  mean  linear 
speed,  hoop  strain  and  hoop  stress  of  the 
outer  piece  while  the  same  quantities  with 
the  ”  superscript  refer  to  the  inner  piec^. 

If  a  ring  of  thickness  t  and  mean  radius  R 
(Fig.  A.l)  is  rotating  at  a  mean  speed 
V  =  £dR  where  w  is  the  angular  velocity,  and 
is  split  along  the  mean  radiu£,  the  outer 
half  will  have  a  mean  radius  R  +  t/4  and  the 
inner  half  a  radius  R  -  t/4.  The  two  halves 
having  no  radial  stress  to  cause  them  to 
re-join,  will  assume  radial  displacements 
controlled  strictly  by  the  hoop  stress  and 
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Figure  A.  I  Thin  Ring  Geometry 


and  strain,  i .e. , 


1  + 
— 


PV^ 


1  --+2 


and  the  same  radial  stress  applied  to  the 
outer  surface  of  the  inner  ring  will  estab¬ 
lish  this  adjustment.  Thus,  the  required 

0  is  given  by 
K 


2R  ^  R 


Substituting  for  Au  from  Equation  (A.l) 


.■pSt  ^ 

-  2  6R  -j  +  2  Cj) 
+  -  ^ov  ^  4  4 

u  -  u  =  (-g— )  - ZJ 

*'9  r 


Au  =  u^  -  u-  =  (ef^){j)  [3  +  (^3^1 

2  4R 

The  radial  stress  needed  to  rejoin  the  two 
pieces  is  that  required  to  reduce  the  outer 
ring  displacement  by  Au/2  and  increase  the 
inner  ring  displacement  by  Au/2.  This,  in 
turn,  requires  a  reduction  in  outer  ring 
hoop  stress  by  the  amount 

+  ^0  Au  ^0  Au 

%  =  --^=^2  ^ 

4 

and  an  increase  in  inner  ring  hoop  stress  by 


Aa„  =  + 


Au _ Au 


A  radial  stress  on  the  inner  surface  of  the 
outer  ring,  given  by 


[3  +  c^)^]  pv  2 
2R/  4R 


‘'r*'  S’  ~  h 
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ABSTRACT 

Bi-directionally  reinforced  composite  flywheel  designs  are  theoretically  capable  of 
achieving  the  maximum  energy  per  unit  weight  associated  with  composite  flywheels.  Unlike 
the  composite  ring  configurations  they  also  have  the  advantage  of  exhibiting  high  energy 
per  unit  volume.  This  paper  considers  the  effects  of  several  failure  modes  that  can 
limit  the  performance  of  bi-directionally  reinforced  flywheels.  These  effects  include 
potential  shear  failures,  degraded  properties  and  variations  caused  by  manufacturing. 
Finite  element  analyses  are  carried  out  to  determine  the  magnitude  of  both  the  in-plane 
and  interlaminar  shear  stresses  that  arise  from  the  discreteness  of  the  individual  radial 
reinforcements.  The  finite  element  analysis  is  also  used  to  model  the  degradation  of 
material  properties  due  to  high  biaxial  stress  levels,  especially  the  drop  in  shear 
modulus.  Experiments  are  conducted  to  evaluate  this  property  degradation.  The  experi¬ 
mental  results  are  then  factored  into  the  finite  element  analysis  to  determine  the  effect 
of  in  service  proper t^^  degradation  on  the  predicted  failure  speed.  In  addition,  the 
effect  of  manufacturing  property  variations  on  both  the  specific  energy  of  the  flywheel 
and  on  its  imbalance  is  investigated.  Results  are  presented  in  parametric  form  in  terms 
of  predicted  reductions  in  the  theoretical  specific  energy  of  bi-directionally  reinforced 
composite  flywheels.* 


INTRODUCTION 

This  paper  summarizes  the  results  of 
an  investigation  of  bi-directionally  re¬ 
inforced  composite  flywheels.  The  investi¬ 
gation  focuses  on  the  hoop-radial  type  of 
bi-directional  configuration  developed  by 
Avco  and  includes  both  analytical  and  ex¬ 
perimental  work.  A  schematic  of  a  typical 
bi-directionally  reinforced  flywheel  is 
shown  in  Fig.  1.  In  this  work  we  consider 
the  case  of  alternate  successive  layers  of 
hoop  and  radial  reinforcements.  We  are 
thus  concerned  with  four  basic  failure 
modes : 

1.  Tensile  failure  of  hoop  reinforce¬ 
ments  . 

2.  Tensile  failure  of  radial  rein¬ 
forcements. 

3.  Interlaminar  shear  failure. 

4.  In-plane  shear  failure. 


Fig.  1.  Schematic  of  typical  bi-directionally  reinforced 
flywheel. 


*This  work  has  been  carried  out  under  Contract  DAAG46-77-C-0017  from  the  Army  Materials  and  Mechanics  Research  Center. 
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In  addition,  the  effect  of  property  degra¬ 
dation  due  to  the  presence  of  a  high  bi¬ 
axial  state  of  stress  is  considered. 

Bi-directional  reinforced  flywheels 
offer  potential  advantages  over  the  more 
conventional  composite  ring  designs,  such 
as  greater  energy  per  unit  volume  and  a 
larger  number  of  geometric  parameters  to 
apply  to  the  design  of  hub  connections. 

In  addition,  theoretical  analyses  show  that 
the  stored  kinetic  energy  per  unit  weight 
of  a  bi-directionally  reinforced  wheel  can 
be  within  a  few  percent  of  that  obtained 
via  ring  designs. 

The  kinetic  energy  per  unit  weight  of 
a  composite  flywheel  composed  of  one  mate¬ 
rial  can  be  written  in  the  following  form. 

Kinetic  Energy  a 

Weight  ^  pg 

where 


This  design  is  used  as  a  reference  point 
for  the  current  investigations.  Conse¬ 
quently,  it  is  appropriate  to  review  some 
of  the  basic  parameters  that  controlled 
the  reference  design. 

At  the  onset  we  introduce  appropriate 
nondimensional  stress  nomenclature  as 
follows : 

a 


where 

o  =  stress 

a  =  nondimensional  stress 

p  =  mass  density  of  a  ply 

=  angular  velocity  in  radians/sec. 
R  =  outside  radius  of  the  flywheel 


=  shape  factor 

a  =  allowable  tensile  stress  of  a 
1-D  ply  in  the  0°  direction 

p  =  weight/unit  volume  of  the  wheel. 

For  a  given  material,  a  and  pg  are 
known  and  the  primary  problem  is  to  con¬ 
figure  the  wheel  to  achieve  the  highest 
possible  value  of  Kg.  Analyses  based  on 
neglecting  the  very  low  90°  tensile 
strengths  indicate  that  the  maximum  Kg  ob¬ 
tainable  for  a  composite  is  0.5.  (For  a 
simple  ring  Kg  =  0.5.)  Design  experience 
at  Avco  indicates  that  some  deviation  from 
the  optimum  is  necessary  to  prevent  exces¬ 
sive  hoop  radial  interlaminar  shear 
stresses,  and  that  the  shape  factor  Kg  must 
be  slightly  reduced  from  0.5  to  0.474.  It 
should  be  noted  that  since  the  formula 
cited  for  kinetic  energy  per  unit  weight 
involves  only  the  strength  in  the  0°  direc¬ 
tion,  the  formula  applies  to  a  flywheel 
which  has  been  designed  so  that  other  ^ 
failure  modes  will  not  occur  before  the  0 
tensile  failure. 

The  Avco  bi-directional  flywheel  de¬ 
sign  consists  of  a  stacked  sequence  of  hoop 
and  radial  layers;  The  hoop  layers  are 
approximately  0.017-inch  thick  and  essen¬ 
tially  axisymmetric.  The  radial  layers 
each  contain  144  radial  members,  0.008- inch 
thick  and  of  tapered  width  to  provide  opti¬ 
mum  efficiency.  The  material  is  Kevlar  49. 


The  nondimens ionalizat ion  symbol  ^  is 
applied  to  various  stress  components. 


The  dominant  feature  of  an  efficient 
bi-directional  flywheel  is  a  biaxial  state 
of  stress  with  approximately  equal  stresses 
in  the  hoop  and  radial  directions.  For 
Kevlar  the  0°  and  90°  failure  strains, 

Sq  and  SgQ  form  the  following  ratio 


0.22% 

1.6% 


.138 


This  implies  that  the  transverse  (90°) 
properties  of  the  Kevlar  will  be  degraded, 
and  crazing  will  occur  well  before  the  0° 
failure  strains  are  reached.  For  this 
reason  the  radial  configuration  of  the 
reference  Kevlar  flywheel  was  designed  on 
the  basis  of  E90  =  0  in  each  hoop  and 
radial  ply*  To  Implement  the  iterations 
required  during  the  design  process  a 
"smeared  out"  axisymmetric  finite  element 
model  is  used  to  obtain  the  optimally 
shaped  radial  reinforcements  that  yielded 
the  highest  shape  factor  Kg.  The  non- 
dimensional  stresses  derived  from  the  axi¬ 
symmetric  model  are  shown  in  Fig.  2.  This 
figure  clearly  shows  the  dominant  features 
of  the  problem:  nearly  biaxial  (or  =  09) 
stresses  over  the  interior  of  the  wheel  and 
very  much  smaller  shear  stresses 
°R0*  (See  separate  scale  on  right  side  of 
the  figure.)  Unfortunately  the  shear 
allowables  are  correspondingly  smaller,  as 
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Table  1.  Stresses  in  reference  flywheel  design. 
For  E9Q  =  0  (crazed) 


Type  of 
stress 

Equivalent  axisymmetric 
analysis 

2-D  finite  element 

Allowables 

Nondimensional 

At  =  5685 
radians/ sec. 

Nondiraens ional 

At  n  =  5630 
radians /sec. 

.516 

200  Ksi 

.514 

200  Ksi 

188-211  Ksi 

06 

.516 

200  Ksi 

.530 

200  Ksi 

188-211  Ksi 

orz 

.00401 

1.55  Ksi 

.00355 

1.34  Ksi 

1.45-7.9  Ksi 

OR0 

.00982 

3.81  Ksi 

.01032 

3.90  Ksi 

7.9  Ksi 

may  be  seen  from  Table  1  which  summarizes 
the  maximums  of  the  stresses  shown  in  Fig. 
2  together  with  the  corresponding  stresses 
from  a  more  complex  two-dimensional  finite 
element  model  of  the  same  problem  in  which 
the  discreteness  of  the  radials  is  ac¬ 
counted  for. 


Fiq.  2.  Nondimensional  stresses  from  equivalent  axisymmetric 
model. 

MATERIAL  PROPERTIES 


properties  were  used  in  the  flywheel  design 
because  of  the  very  low  transverse  (90^) 
strain  capability  of  Kevlar.  It  should 
also  be  noted  that  the  linear  elastic 
nature  of  the  problem  is  such  that  the  re¬ 
sulting  stresses  are  unchanged  if  the 
moduli  El,  E2,  E3  and  G  are  multiplied  by 
the  same  scalar  constant. 

Finite  Element  Models.  Three  different 
types  of  finite  element  models  were  used  in 
this  work: 

1 .  Axisymmetric  Model 

2.  2-D  Model  Including  Discrete 
Radials 

3.  2-D  Model  using  "Smeared  Out" 
Properties 

In  the  2-D  model  with  discrete  radials 
the  nodes  in  the  hoop-radial  overlap  region 
each  have  one  set  of  planar  displacements, 
i.e.,  in  spite  of  the  over-lapping  the 
model  remains  planar.  This  model  uses  2488 
nodes  and  3410  elements  to  represent  a  very 
slender  representative  angular  section  of 
the  wheel.  The  2-D  model  using  "smeared 
out"  properties  is  shown  in  Fig.  3. 


The  following  Kevlar  49  mechanical 
properties  were  used: 


Equivalent  Values  Used 

Property  Nomenclature  Uncrazed  Crazed 


E2  =  E3 

E„  =  E 

®90 

12  X  10^  psi 

0.8  X  10^ 

12  X  10^  psi 

0 

'>12  =  "13 

0.34 

0 

=  ^31 

0.0227 

0 

^12 

6 

0.48 

0.3  X  10^  psi 

0 

0.3  X  10^  psi 
or  reduced 

These  properties  are  derived  from  the 
properties  given  in  Ref.  (1).*  As  pointed 
out  in  the  previous  section  the  "crazed" 


The  axisymmetric  model  and  the  2-D 
model  with  the  discrete  radials  give  almost 
identical  results  for  the  09,  or,  and  0^9 
stresses.  However,  the  orz  interlaminar 
stresses  obtained  from  these  two  models 
differ  as  shown  in  Fig.  4.  This  latter 
difference  is  not  accountable  from  the  cir¬ 
cumferential  variations  in  the  2-D  model 
but  appears  to  be  caused  by  a  fundamental 
difference  between  the  two  models.  Because 
of  the  planar  nature  of  the  2-D  model  it 
gives  a  0^9  that  does  not  approach  zero  at 
the  edge  of  a  radial.  This  can  violate  the 
shear-free  condition  actually  present  at 
the  lateral  free  edge  of  a  radial.  It  is 
believed  that  the  differences  shown  in  Fig. 
4  can  only  be  resolved  by  a  local  3-D 
finite  element  analysis  in  the  region  of 


1.  Hunter,  R.  L.,  "Characteristics  and  Uses  of  Kevlar  49  High  Modulus  Organic  Fiber,"  Dupont  Report,  revised  9/18/73,  page  36. 
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the  edge  of  the  radial.  However,  since 
the  maximum  orz  stresses  shown  in  Fig.  4 
differ  by  only  13  percent,  the  differences 
between  the  models  do  not  present  a  seri¬ 
ous  obstacle  in  designs. 


Fig.  3.  Finite  element  grid  used  for  asymmetric  property 
variations. 


Fig.  4.  Original  flywheel  with  crazed  properties  comparison  of 
shear  stresses  0^2; 


ANALYTICAL  ASSESSMENT  OF  EFFECT  OF 
DEGRADED  PROPERTIES 

We  next  investigate  the  effect  of  de¬ 
graded  material  properties  caused  by  the 
high  biaxial  stresses  in  the  flywheel.  The 
analytical  results  are  obtained  by  using 
the  2-D  finite  element  model  with  discrete 
radials. 

Preliminary  Investigation:  Crazed  Versus 
Uncrazed .  As  previously  mentioned,  the 
flywheel  is  designed  and  optimized  using 
the  E90  =0,  V  =  0  crazed  properties  be¬ 
cause  of  the  low  transverse  (90°)  strain 
allowable  of  Kevlar.  If  the  same  con¬ 
figuration  is  analyzed  using  uncrazed 
properties,  the  stress  distributions  are  as 
shown  in  Figs.  5  and  6.  Note  that  the  max¬ 
imum  hoop  stress  in  the  uncrazed  condition 
is  substantially  larger  than  that  in  the 
design  crazed  condition  as  is  shown  in  the 
following  table. 


Results  for  2-D  finite 
element  analysis. 


Crazed 

Uncrazed 

°R  max 

p  q2  r2 

.514 

.470 

max 

p  a2  r2 

.530 

.605 

Kg  (2-D  Anal.) 

.461 

.404 

The  table  also  shows  the  shape  factor  Kg 
computed  for  these  two  cases  and  indicates 
a  12  percent  lower  Kg  (and  hence  lower 
energy  density)  for  the  uncrazed  condition 
than  for  the  crazed  condition  used  to  opti¬ 
mize  the  design. 

Effect  of  Degraded  Shear  Modulus.  A  series 
of  two-dimensional  finite  element  runs  was 
made  to  determine  the  effect  of  reducing 
the  shear  modulus  G  for  the  crazed  proper¬ 
ties.  The  results  shown  in  Table  2,  are 
somewhat  startling.  They  indicate  that  the 
maximum  stresses  and  shape  factor  Kg  are 
almost  unaffected  by  reductions  in  the  shear 
modulus  down  to  one— tenth  of  the  original. 
The  distributions  of  the  stresses  shown  in 
Table  2  are  given  in  Figs.  2  through  9  for 
the  two  cases  G/Go^ig  "  1  ^/^orig  "  0*1* 
Although  the  figures  show  very  little 
change  in  the  maximum  stresses  with  the  re¬ 
duction  of  G/Gorig  to  0.1,  they  do  indicate 
the  beginnings  of  changes  in  the  stress 
pattern.  Figure  7  shows  that  as  the  shear 
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Fig.  5.  Crazed  versus  uncrazed  comparison  of  radial  stresses 

in  fiber  direction  in  the  center  of  the  radial  layer. 


r/R 

Fig.  6.  Crazed  versus  uncrazed  comparison  of  hoop  stresses 
in  fiber  direction  Oqq  in  the  hoop  layer. 


Fig.  7.  Comparison  of  radial  stress  distribution  for  undegraded 
and  degraded  shear  moduli. 


Fig.  8.  Comparison  of  hoop  stress  distribution  for  undegraded 
and  degraded  shear  moduli. 
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modulus  is  lowered,  the  distribution  of  Ox 
stresses  in  the  circumferential  direction 
across  a  radial  becomes  increasingly  non- 
uniform.  At  G/Gorig  ~  0,1,  as  shown  in 
Table  2,  the  nonuniformity  is  already  suf¬ 
ficiently  great  for  the  radial  stresses  to 
become  the  maximum  stresses  in  the  wheel. 
Figure  8  shows  a  similar  circumferential 
nonuniformity  in  the  hoop  stresses  near  the 
outside  of  the  wheel  as  the  shear  modulus 
is  reduced.  These  trends  would  indicate 
that  the  Oj-  and  oq  stresses  will  increase 
as  G  is  reduced  below  0.1. 

Table  2.  Effect  of  degraded 
shear  modulus. 


(From  2-D  finite  element  analysis) 


^/^original 

1.0 

0.5 

0.1 

max 

p  r2 

0.514 

0.517 

0.526 

max 

p  r2 

0.530 

0.529 

0.523 

<^RZ 

p  S22  r2 

0.00355 

0.00356 

0.00354 

<^Re 

p  R^ 

0.01032 

0.00958 

0.00947 

Ks 

0.461 

0.462 

0.465 

Implications  of  this  result  are  as 
follows.  First,  within  the  range  of  G 
degradations  considered  it  indicates  that 
the  dominant  effect  of  flywheel  efficiency 
will  come  from  reduced  shear  stress  allow¬ 
ables  rather  than  from  the  reduced  modulus. 
Secondly,  the  results  indicate  that  G/Gorig 
must  be  reduced  below  0.1  to  alter  the 
stresses  Ox  and  09  sufficiently  to  effect 
the  overall  flywheel  shape  factor  Kg. 
Further  evaluation  of  extremely  degraded 
G  cases  is  being  continued  at  the  present 
time. 

Correlation  of  Predictions  with  Measured 
Degradation.  We  now  correlate  the 
analytical  predictions  with  the  property 
degradation  measured  experimentally  and 
reported  in  a  subsequent  section.  The 
experimentally  determined  shear  modulus 
ratio  G/GQ^iLginal  ^  and  falls 
within  the  range  covered  by  Table  2.  This 
indicates  that  the  wheel  stresses  are 
essentially  unaffected.  The  reduction  in 
shear  strength  of  0.728,  however,  indicates 
lower  margins  of  safety  with  respect  to 
shear  failure  for  the  degraded  case.  The 
margin  of  safety  on  the  ORe  stress. 


computed  from  the  values  shown  in  Table  1 , 
is  (7.9/3.9)-l  =  1.02.  For  the  experi¬ 
mentally  measured  degraded  shear  strength 
it  is  (5.75/3.9)-!  =  0.47,  so  that  the 
margin  is  reduced  roughly  by  half  but 
nevertheless  remains  positive.  Since  the 
experimental  results  apply  to  the  case  of 
52  percent  of  the  ultimate  0®  stress,  it 
is  possible  that  the  degradation  of  in¬ 
plane  shear  strength  may  limit  the  flywheel 
performance  at  high  percentages  of  the 
ultimate  load.  Such  a  problem,  if  it 
occurs,  could  be  ameliorated  by  increasing 
the  number  of  radials  and  thereby  reducing 
the  ORe  stresses. 

SENSITIVITY  STUDIES 

Sensitivity  studies  were  carried  out 
to  evaluate  the  effect  of  property  vari¬ 
ations  and  geometric  variations  associated 
with  manufacturing  and  fabrication. 

Variations  of  Hoop  Thickness.  Results  ob¬ 
tained  by  varying  the  hoop  thickness  are 
shown  in  Figs.  10-12.  Fig.  10  shows  the 
changes  in  stress  distribution  that  occur 
as  the  hoop  thicknesses  are  perturbated 
away  from  the  design  configuration.  The 
figure  indicates  that  as  the  hoops  are 
thickened  (+20%)  the  radials  become  over¬ 
stressed  and  the  hoops  understressed. 

When  the  hoop  thickness  is  reduced  (-20%) 
the  reverse  occurs:  the  hoops  are  over¬ 
stressed  and  the  radials  become  under- 
stressed.  These  results  also  show  the 
optimal  feature  of  the  unperturbed  (0%) 
original  design  thickness  combination  in 
which  the  hoop  and  radial  failures  are  ex¬ 
pected  to  occur  at  approximately  the  same 
spin  rate.  The  corresponding  changes  in 
shape  factor  Kg  are  shown  in  Fig.  11.  The 
wheel  appears  to  be  more  sensitive  to  de¬ 
creases  in  hoop  thickness  because  of  the 
tendency  for  high  hoop  stresses  to  occur 
at  the  inside  edge  of  the  wheel.  These 
calculations  also  apply  to  changes  in 
radial  thickness,  that  is,  the  results  are 
dependent  on  the  ratio  of  hoop  to  radial 
thickness . 

In  Fig.  12,  the  corresponding 
hoop  to  radial  interlaminar  shear  stresses 
are  plotted.  The  special  nondimensional 
form  of  stress  shown  in  the  figure  relates 
the  shear  stress  to  the  maximum  0°  stress 
so  that  the  significance  of  the  shear 
stress  changes  can  be  evaluated.  We  pre¬ 
sume  that  the  wheel  will  be  spun  up  to  a 
speed  U  for  which  the  maximum  Ox  or  00 
stresses  reach  the  material  allowable  - 
consequently  the  ratio  ® 
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NONDIMENSIONAL  STRESS  ^  NONDIMENTIONAL  STRESS 


ffect  of  reduction  in  shear  modulus  on  shear  stresses 

DT  3nd  Onn* 


Fig.  1 1 .  Sensitivity  of  shape  factor  to  hoop  layer  thickness. 


r/R  -  LOCAL  RADIUS/OUTSIDE  RADIUS  PERCENT  CHANGE  IN  HOOP  THICKNESS 

Fig.  10.  Sensitivity  of  stresses  to  hoop  layer  thickness.  Fig.  12.  Sensitivity  of  interlaminar  shear  stresses  to  hoop 

layer  thickness. 
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parameter.  Figure  12  shows  that  the  effect 
of  changing  hoop  thicknesses  of  ±20%  does 
not  substantially  influence  the  orz  shear 
stresses . 


Changes  in  Radial  Width.  Parametric  stud¬ 
ies  were  also  conducted  for  changes  in 
radial  width.  It  was  found  that  the  orz 
interlaminar  shear  stresses  are  strongly 
affected  by  changes  in  radial  width  be¬ 
cause  it  directly  changes  the  shear  area 
available  for  transfer  of  load  from  radials 
to  hoops. 

Variations  in  Fiber  Volume.  Here  we  con¬ 
sider  the  effect  on  the  flywheel  stresses 
and  efficiency  of  axisymmetric  variations 
in  the  fiber  volume  ratio  Vf.  The  case 
presented  here  is  that  of  one  constant 
value  of  Vf  for  the  radial  layers  and 
another  constant  value  for  the  hoop  layers. 


The  following  properties  were  used  for  the 
Kevlar  49  fiber  and  epoxy  matrix: 


Modulus  of  fiber  = 

Modulus  of  _ 

matrix 

Fiber  weight/  _ 
volume 

Matrix  weight/ 
volume 


=  20  X  10^  psi 

E  =  0.5  X  10^  psi 
m 

p^g  =  0.053  Ibs/in^ 

Pmg  =  0.0426  lbs/ 
in^ 


The  mechanical  properties  for  a  com¬ 
posite  are  formulated  by  using  a  simple 
rule  of  mixtures,  namely: 


El  =  V^  +  (1-V^) 

Pg  =  Pfg  Vj  +  Pjjg  (1-Vf) 


The  resulting  values  of  E  as  a  function  of 
Vf  are  given  in  Fig.  13.  It  should  be 
pointed  out  that  for  Vf  =  0.59  one  has  the 
reference  properties  E]^  =  12  x  10^  psi  and 
pg  =  0.0487.  In  this  case  we  fix  Vf  =  0.59 
for  the  radial  reinforcements  and  vary  Vf 
for  the  hoop  reinforcements.  Results  ob¬ 
tained  from  the  axisymmetric  model  are 
shown  in  Fig.  13. 

In  order  to  determine  the  effect  of  Vf 
on  the  wheel  efficiency  it  is  necessary  to 
postulate  the  dependence  of  the  strength  on 
Vf.  This  was  determined  on  the  basis  of  an 
allowable  strain  criterion.  Consequently 
the  0®  strength  is  assumed  to  be  propor¬ 
tional  to  the  modulus,  which  is  shown  in 
Figure  13.  To  define  the  value  of  Ks  given 
in  Figure  13,  the  density  and  stress 


allowable  were  taken  as  those  correspond¬ 
ing  to  the  reference  value  of  Vf  =  .59. 


m 

X 

o 

O) 


Fig.  13.  Variation  of  modulus  and  shape  factor  with 
volume  fraction  V^. 

Evaluation  of  Asymmetric  Property  Vari¬ 
ations.  Asymmetric  property  variations 
were  evaluated  using  the  finite  element 
grid  shown  in  Fig.  3.  The  model  "smears 
out"  the  radials  in  the  circumferential 
direction.  Two  cases  of  as3rmmetric  vari¬ 
ations  of  the  modulus,  as  shown  in  Fig.  14, 
were  analyzed.  In  Case  A  the  modulus  of 
the  radials  is  varied;  in  Case  B  the 
modulus  of  the  hoops.  The  change  in 
stresses  for  these  cases  is  as  follows: 


Change  in 

Change  in 

Case 

modulus 

maximum  stress 

A 

±5% 

+3.9% 

B 

±1% 

+.1% 

A  major  reason  for  carrying  out  these 
asymmetric  property  variation  studies  is 
to  compute  the  imbalance  due  to  Meformation 
of  the  wheel.  To  do  this  we  evaluate  the 
shift  in  centroid  of  the  wheel  (relative  to 
point  A  of  Fig.  14)  that  would  exist  when 
c^Max  ”  200  ksi.  The  results  shown  below 
apply  to  a  19,5"  O.D.  wheel  weighing  16.86 
pounds : 


Change  in 

Distance  of 

Imbalance 

Case 

modulus 

centroid  shift 

(inch- 

(inch) 

grams) 

A 

±5% 

0.00416 

36.19 

B 

±1% 

0.000904 

6.9 
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CASE  A 


CASE  B 


=  Modulus  of  hoops 
Ep  =  Modulus  of  radials 

e 

E  =  Reference  modulus,  12.0  x  10  psi 


Fig.  14.  2-D  models  used  to  evaluate  asymmetric  property 
variations. 


The  resulting  imbalances  are  con¬ 
siderably  in  excess  of  the  imbalances 
ordinarily  achieved  after  balancing  which 
are  of  the  order  of  1  inch-gram.  It 
should  be  recognized  that  the  ±5%  a.nd  ±1% 
variations  used  in  the  study  are  highly 
unlikely  to  occur  because  they  represent 
averages  of  all  the  deviations  in  modulus 
through  the  thickness' as  well  as  in  the 
in-plane  directions.  The  variations  used 
in  this  study  are  conservative  estimates 
of  asymmetries  in  an  individual  layer. 
Random  layer  orientation  during  assembly 
and  inter- layer  load  sharing  during  oper¬ 
ation  will  tend  to  distribute  displacement 
more  evenly.  The  method  of  fabricating 
the  hoops  is  more  likely  to  generate 
axisymmetric  rather  than  asymmetric  vari¬ 
ations  in  modulus.  Similarly,  the  radials 
are  stamped  out  of  sheets  of  Kevlar  tape 
and  are  expected  to  be  very  regular. 


Testing  for  Degraded  Property  Effects. 
Degraded  shear  modulus  and  shear  strength 
are  determined  experimentally  as  a  func¬ 
tion  of  a  =  Ox  =  cTy  biaxial  stress  level 
using  the  honeycomb  sandwich  beam  test 
arrangement  shown  in  Fig.  15.  After 
loading  the  sandwich  beams  to  a  percent  of 
ultimate,  45°  tensile  tests  on  the  degraded 
material  are  used  to  determine  modulus  and 
strength.  The  test  program  is  unfinished 
at  this  time.  However  initial  results  at 
52  percent  of  ultimate  load  indicate  a 
17  percent  reduction  in  shear  modulus  and 
a  27  percent  reduction  in  shear  strength. 
Further  tests  are  being  carried  out  in  the 
range  of  50  to  70  percent  of  ultimate 
load . 


Fig.  15.  Biaxial  beam  schematic. 


CONCLUSIONS 

Major  conclusions  from  this  work  are 
as  follows: 

1.  The  analysis  indicates  that  re¬ 
ductions  in  in-plane  shear  modulus  of  up 
to  90  percent  have  a  small  effect  on  the 
maximum  stresses.  Preliminary  biaxial  test 
data  at  52  percent  of  ultimate  indicates 
only  27  percent  degradation  of  shear 
modulus,  and,  consequently,  positive 
margins  in  stress.  Biaxial  tests  at 
higher  load  levels  are  being  prepared  dur¬ 
ing  the  writing  of  this  paper. 

2,  The  efficiency  of  a  bi-direc¬ 
tionally  reinforced  flywheel  is  sensitive 
to  variations  in  fiber  volume,  and  vari¬ 
ations  in  hoop  and  radial  reinforcement 
geometry.  The  relationship  between  vari¬ 
ations  in  efficiency  and  variations  in 
property  and  geometric  inputs  differ  from 
case  to  case.  The  type  of  predicted 
failure  mode  also  depends  on  variations  in 
property  and  geometric  inputs.  Asymmetric 
variations  in  material  properties  can  also 
lead  to  substantial  wheel  imbalances  which 
depend  on  the  degree  of  nonuniformity 
present  * 
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PREDICTION  OF  CREEP  BEHAVIOR  FOR  FILAMENTARY  COMPOSITES 
UNDER  STRESS  CONDITIONS  ENCOUNTERED  IN  FLYWHEELS 


C.W.  Bert  and  T.L.C.  Chen 

School  of  Aerospace,  Mechanical  and  Nuclear  Engineering 
The  University  of  Oklahoma,  Norman,  OK 


ABSTRACT 

A  method  of  analyzing  the  creep  behavior  of  a  filamentary  composite  is  presented. 
The  approach  is  based  on  an  approximate  creep  micromechanics  analysis  using  creep  data 
of  the  fibers  and  matrix  material  tested  individually  at  the  temperature  of  interest. 
The  validity  of  the  present  analysis  is  verified  by  comparison  with  test  data  on  a  uni¬ 
directional  Kevlar  49-ERLA  4617  epoxy  composite  in  uniaxial  longitudinal  tension  at 
room  temperature.  Numerical  results  are  presented  for  the  above  mentioned  composite 
under  the  following  four  loading  cases:  longitudinal  tension,  transverse  tension,  bi¬ 


axial  tensions  and  generalized  plane-stress 
stress.  Creep  constitutive  equations  are  f 
theory  of  orthotropic  plasticity, 

INTRODUCTION 

There  have  been  only  a  relatively  few 
investigations  that  have  been  concerned 
with  predicting  the  creep  behavior  of  uni¬ 
directional  filamentary  composites.  This 
is  perhaps  due  to  the  complexities  of  time- 
dependent  phenomena  and  lack  of  significant 
creep  observed  prior  to  failure  in  longi¬ 
tudinal  loading  of  composites  reinforced 
with  fibers  of  glass,  boron  or  graphite. 
However,  if  a  composite  material  is  rein¬ 
forced  by  some  new  organic  polymer  fibers 
such  as  Kevlar  49,  which  exhibits  creep 
under  longitudinal  tension,  an  appreciable 
amount  of  creep  may  be  observed,  depending 
on  the  state  of  stress  and  temperature.^"^ 
Such  materials  may  exhibit  a  certain  amount 
of  creep  even  at  room  temperature.  This 
is  in  contrast  to  most  structural  metallic 
alloys  which  do  not  exhibit  significant 
creep  at  least  up  to  a  few  hundred  degrees. 

To  the  best  of  the  present  investi¬ 
gators*  knowledge,  the  first  significant 
work  concerning  creep  of  composite  mater¬ 
ials  was  due  to  McDanels,  et  al.^,  who 
suggested  a  rule-of-mixtures  approach  to 
estimate  the  creep-rupture  strength.  For 
linear  viscoelastic  composites,  Hashin^ 
used  a  self-consistent  model,  and  DeSilva^ 
presented  a  more  elaborate  mathematical 
model.  Lou  and  Schapery^  used  a  constitu¬ 
tive  equation  based  on  a  thermodynamic 
theory  to  describe  nonlinear  viscoelastic 
composites,  while  Bert^  presented  a  unified 
method  to  analyze  time -independent  plastic 
deformation  and  creep  deformation  of  a 
filamentary  composite. 


distribution,  i.e.  biaxial  tension  and  shear 
tted  by  using  the  creep  version  of  Hill's 


There  is  considerable  interest  in 
advanced  composite  materials  for  flywheels 
in  hybrid  vehicles  because  of  their  desir¬ 
able  combination  of  high  stiffness,  high 
strength  and  low  density  and  their  less 
catastrophic  failure  characteristics  than 
structural  alloys,  it  is  believed  to  be 
rather  important  to  be  able  to  predict 
creep  behavior  of  flywheels  rotating  at  a 
relatively  high  speed^.  Since  significant 
shear,  radial  and  circumferential  stresses 
occur  when  a  flywheel  rotates  about  an 
axis  which  is  eccentrically  offset  from 
the  geometric  center  of  the  flywheel^®,  a 
creep  analysis  under  generalized  plane 
stress  is  needed. 

In  the  present  investigation,  a  me¬ 
thod  of  analyzing  the  creep  behavior  of  a 
filamentary  composite  is  presented.  The 
approach  is  based  on  an  engineering  ap¬ 
proach  to  the  micromechanics  of  creep  and 
creep  data  of  fibers  and  matrix  materials 
obtained  in  uniaxial  longitudinal  tension 
tested  by  Ericksen^^  at  room  temperature. 
The  validity  of  the  present  analysis  is 
verified  by  comparison  with  test  data  on 
a  unidirectional  Kevlar  49-ERLA  4617  epoxy 
composite  in  longitudinal  tension.  Numer¬ 
ical  results  are  presented  for  the  above 
mentioned  composite  material  under  the 
following  four  loading  conditions;  longi¬ 
tudinal  tension,  transverse  tension,  bi¬ 
axial  tensions  and  generalized  plane-stress 
distribution,  i.e.  biaxial  tensions  and 
shear  stress.  Creep  constitutive  equations 
are  proposed  by  fitting  the  above  obtained 
data  with  the  creep  analog  of  Hill's  ortho¬ 
tropic  plasticity  theory^^. 
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MICROMECHANICS  MODEL  OF  COMPOSITE 

For  purpose  of  analysis,  the  composite 
is  assumed  to  be  unidirectional.  By  longi¬ 
tudinal,  we  mean  uniaxial  loading  parallel 
to  the  fibers;  transverse  loadings  refer  to 
loadings  perpendicular  to  the  fibers.  In 
the  present  work,  a  mechanics-of-materials 
approach  is  adopted.  The  prominent  assump¬ 
tion  (Voigt* s  hypothesis)  of  this  model  is 
that  the  longitudinal  strains  in  the  fibers 
and  in  the  matrix  are  equal  to  each  other. 

If  one  uses  superscripts  f  and  m  to  refer 
to  the  fiber  and  matrix  properties,  re¬ 
spectively,  one  has 


where  €^,  and  are  longitudinal 

strains  for  the  composite,  fibers,  and 
matrix,  respectively. 

In  view  of  Eq.  (1)  and  longitudinal 
equilibrium,  the  following  equation  should 
be  satisfied; 

"i  •  ’f’!'  +  vT  <"> 

where  is  the  applied  longitudinal  stress; 

and  are  respectively  the  internal 
stresses  in  the  fibers  and  matrix;  Vf  is 
the  fiber  volume  fraction  and  VJ^(=  l-V^)  is 
the  matrix  volume  fraction. 

In  the  mechanics-of-materials  approach, 
the  same  transverse  stress,  02i  is  assumed 
to  exist  in  both  the  fibers  and  the  matrix 
(Reuss*s  hypothesis),  i.e.. 


^2  =  <^2 


where  ^2  and  02  are  transverse  stresses  for 
the  fibers  and  matrix,  respectively.  The 
total  transverse  strain  in  the  composite  is 

<'*> 

where  €2  and  €2  are  transverse  strains  for 
fibers  and  matrix,  respectively. 


where  €5,  and  ^  are  respectively  the 
in-plane  shear  strains  for  the  composite, 
fibers,  and  matrix.  It  is  noted  that  Eqs. 
(1)  through  (6)  are  true  regardless  of 
the  applied  stress  state. 

BEHAVIOR  OF  CONSTITUENTS 

Since  we  consider  the  case  where  both 
of  the  constituents  exhibit  creep,  it  is 
necessary  to  characterize  the  creep  be¬ 
havior  of  both  constituents. 

If  a  material  is  incompressible  and 
ortho tropic,  a  creep  potential  can  be 
expressed  as  a  function  of  the  following 
quadratic  form  previously  used  by  Hill^^ 
to  describe  anisotropic  plasticity. 

g  = 

2 (^1 2^6"^^23^4"^^3 1^5^ 

If  the  material  is  transversely  iso¬ 
tropic  with  respect  to  the  2-3  plane,  one 
has  C22  =  C33  and  C|2  =  ^31*  Thus,  Eq.  (7) 
can  be  simplified  as  follows  for  a  gener¬ 
alized  plane  stress  state  on  the  1-2  plane. 

g  =  Ci^a2-fC^^a2+C33(a^-a2)2+2C^2^2 

The  component  of  the  total  strains 
under  creep  is  equal  to  the  sum  of  elastic 
and  creep  strains.  Hence  the  components 
of  the  total  strains  for  each  constituent 
are  given  by  the  following: 

(ctJ  +  ^32^2") 

N  -1  K. 


If  one  assumes  that  the  in-plane 
shear  stress,  o^^  in  the  composite  is  equal 
to  that  in  fibers  and  matrix  (cTg  and  0^)  , 
one  has 


f  m 

^6  ~  ^6  ~  ^6 


€,  =  +  V  €? 

6  to  mo 


i  =  f,  m 


(9a-9c) 


where  are  elastic  compliance  constants; 
Ai,  Nj^,  are  constants  to  be  determined 
from  experiment;  t  is  time;  t^  is  a  small 
time  and 

0,2#] 

creep  creep 


creep 
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-i  =rfi2i 

'12  L^i  J 


i=f  ,m 


(lOa-lOc) 


^11 


,  ci,+c^  ,2  C,\  ,2-,l/2 


1  1  33  11  1  12  1  n 

a,  +a-Xa  + - : -  cj«  +-7-  a.  ; 

112^^1  2^i6J’ 


i  =  f,m  (11) 

It  is  noted  that  in  writing  the  above 
equations,  we  assumed  that  it  is  suitable 
to  characterize  fibers  and  matrix  as  trans¬ 
versely  isotropic  and  isotropic  materials, 
respectively. 

The  three  coefficients  in  Eq.  (11) 
have  to  be  determined  from  a  series  of  creep 
tests  under  various  loading  conditions  (in¬ 
cluding  longitudinal,  transverse  and  shear). 
Unfortunately,  only  longitudinal  uniaxial 
creep  data  are  available  in  the  literature; 
thus,  an  alternative  approach  must  be  con¬ 
sidered.  A  reasonable  engineering  approxi¬ 
mation  for  Eq.  (11)  is  one  known  as  the 
Hill-Tsai  failure  criterion^^. 


-  r  i  i/i 

^i=K 


.2  x:  .2-,l/2 

"2  +  "2''6J  =  f’" 


where  X,  Y,  S  are  the  respective  longitudi¬ 
nal,  transverse,  and  shear  strengths. 

DETERMINATION  OF  CREEP  CONSTANTS  OF 
CONSTITUENTS  IN  LONGITUDINAL  TENSION 


where  t  can  be  any  small  time  scale.  In 
the  present  work,  it  is  chosen  to  be 
1.0xl0“S  hrs.  Since  the  test  data  pre¬ 
sented  in  Ericksen*s  work^^  are  concerned 
with  the  creep  strain  only,  the  elastic 
strains  in  Eq.  (13)  are  ignored.  Due  to 
the  linear  nature  of  the  room-temperature 
creep  versus  logi^Qt  plot  as  given  by  Fig. 

2  in  [ll],  the  value  of  is  equal  to 
unity.  The  value  of  Nf  can  be  determined 
by  using  the  creep  ratio  for  two  different 
applied  loadings  at  any  given  time.  Once 
Nf  is  determined,  value  of  A^  can  be  de¬ 
termined  at  any  stress  level.  For  complete¬ 
ness,  a  sample  calculation  is  presented. 
From  Fig.  3  in  fill,  one  has  the  following 
data: 


=  0.033%  (a 


=  0.11%  @ 


240  MPa  and  t  =  10  hrs 


1940  MPa  and  t  =  10  hrs 


By  using  Eq.  (13a)  and  recalling  that  only 
creep  strains  are  needed,  one  can  find 
the  creep  ratio  as  follows; 

0.033  _  I  240\^f 
0.11  \1940/ 


The  value  of  Nf  then  is  determined  as 
0.576.  By  using  the  first  set  of  data 
given  above,  one  has 

0.033%  =  A  (240)°-^^^log  - 

1.0x10 


The  creep  constants  in  Eq.  (9)  can  be 
determined  by  fitting  them  with  experi¬ 
mental  data  obtained  for  the  material  needed 
at  the  temperature  of  interest.  In  the  pre¬ 
sent  work,  Kevlar  49  fibers  and  ERLA  4617 
epoxy  are  chosen  for  presentation,  since 
they  are  potential  materials  for  advanced 
composite  flywheels  currently  under  inves¬ 
tigation.  The  only  experimental  data  for 
such  materials  reported  in  the  literature 
were  obtained  under  uniaxial  longitudinal 
loading.  In  order  to  fit  experiment  re¬ 
sults,  Eq.  (9)  has  to  be  reduced  to  the 
uniaxial  longitudinal  tension  case.  Under 
longitudinal  tension,  one  has  02  =  =  0. 

Thus  Eq.  (9)  becomes 

N  K 

-f  ^f  f,^f  f,,  t  ,  f  , 

^1  -  ^11‘^1’^^12^2'^^f‘^l  t  ^  (13^) 

o 


-m  _m  m.  _m  m.  m,, 

\  “  ^llV^12‘^2‘*'\°^l  t  ^  (13b) 


1.56  X  10 


[MPa] 


The  same , calculation  procedure  can  be 
applied  to  determine  Njj^  and  by  using 
Fig.  4  in  [ll].  However,  due  to  the  creep 
versus  logfo^  plot,  the  value  of  is  no 
longer  equal  to  unity.  Its  value  can  be 
determined  from  two  sets  of  data  obtained 
at  the  same  stress  level  but  different 
times.  For  example. 


=  0.09%  (a  o® 


34  MPa  and  t  =  10  hrs 


=  0.197o  (3  =  34  MPa  and  t  =  100  hrs 


Thus,  one  has 


10  ...K 


‘10  l.oxio-® 
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K  =  7.09 
m 


In  summary,  we  have  determined  all 
the  uniaxial  creep  constants  and  they  are 
summarized  as  follows: 


Fiber 


Matrix 


N. -^0.576  N 

^  N  ^  “N 

A^=1.56xl0'^[MPa]  ^  A  =  2. 35xl0"^^[MPa]  ® 

f  m 


=  1.0 


K  -  7.09 
m 


METHOD  OF  CALCULATION 


If  a  desired  set  of  values  for  a^, 
02  and  05  given  and  held  constant, 

initially  (at  t=0) ,  the  constituents  ex¬ 
hibit  no  creep  strain.  Thus,  the  total 
strain  at  this  instant  is  equal  to  the 
elastic  strain.  In  view  of  Eq.  (1) ,  (3) 
and  (9),  we  have  the  following  relation: 

sJ^af(O)  +  S^2^2  =  +  ^r2'^2 

From  Eq.  (2)  ,  we  have  the  following 
equation  which  holds  for  any  time: 

a'  -  V.af 

=  -Vttt 


Substituting  Eq.  (15)  into  Eq.  (14) 
and  solving  for  aj[(0)  ,  one  has 

(S”  -s[  )a2+s”^a  /(l-V  ) 

,f(0)  =  ^  ^  (16) 

4  r:?;  ^11 

The  initial  transverse  strains  of  the 
constituents  can  be  obtained  from  the  fol¬ 
lowing  equations  and  Eqs,  (15)  and  (16): 

4(0)  =  sl^ol(O)  +  sl^o^ 


^(0)  =  s”2C7®(0)  +  4^0^ 


Thus,  the  initial  strains  in  the  com¬ 
posite  can  be  expressed  as  follows  by  using 
Eqs.  (1),  (4),  (5)  and  (6): 

€,(0)  =  s5  cf(0)  +  sf  a 


^22*^2] 


In  view  of  Voigt *s  hypothesis,  one 
can  obtain  the  following  equation  from 
Eqs.  (2)  and  (9)  at  some  time  t. 


r  “■  t  ^f”i 

SllV^12'’2  *  L**  I  J 


rr 

®12'^2 


A  ^ 

A  o 


T  )  "] 


[(cri-VfC^)/(l-Vf)  +  ^2^2]  "  ° 

For  a  given  stress  state,  a  step-by- 
step  method  can  be  used  to  compute  the 
creep  strain  components  in  the  composite 
by  using  Eqs.  (1)  through  (6)  and  (9) 
through  (19).  The  method  is  summarized 
as  follows; 

1.  A  stress  state  is  given. 

2.  For  a  given  time  t,  one  solves 
for  in  Eq.  (19)  by  using  the 
trial-and-error  technique  , 

3.  Equation  (15)  is  now  used  to 
compute  0^. 

4.  In  view  of  Eqs.  (1),  (3)  and  (5), 
the  total  strains  in  each  of  the 
constituents  can  be  determined 
from  Eq.  (9) . 

5.  Total  strains  in  the  composite 
are  computed  according  to  Eqs, 

(1),  (4)  and  (6). 

6.  The  initial  strains  for  the  com¬ 
posite  are  calculated  by  using 
Eqs.  (15),  (16)  and  (18). 

7.  The  creep  strain  components  in 
the  composite  are  determined  by 
subtracting  the  initial  strains 
(step  6)  from  the  total  strains 
(step  5) . 

*The  advantage  of  solving  for  Cj^^in- 
stead  of  solving  for  time,  in  which  has 
to  be  assumed,  is  that  the  complexity  due 
to  load- transfer  pheonomna  can  be  eliminated. 
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NUMERICAL  RESULTS 

The  influence  of  anisotropy  on  the 
creep  behavior  of  Kevlar  49/ epoxy  are 
demonstrated  by  calculating  some  numerical 
results.  The  elastic  material  properties 
of  fibers  and  epoxy  are  given  in  Table  1. 

Table  1,  Constituent  material  properties 
of  Kevlar  49/epoxy  . 


Fiber  (Kevlar  49) 

Matrix  (Epoxy) 

7.15  X  lO'^Cll] 

265.12  X  10“^[11] 

S^2(«Pa>’^ 

-2.30  X 

-6** 

-95.43  X  10 

$22 

145.03  X  10'®C14] 

265.12  X  10"^[U] 

456.13  X  10'^[15,163 

684.12  X  10"^[l7l 

*Flber  volume  fraction  «  0.5 
«  0.36,  thus  $“2  *  - 


The  values  were  obtained  from  various 
sources  as  shown  in  the  table.  Since 
only  limited  creep  deformation  data  are 
available  for  the  constituent  materials, 
we  do  not  know  the  creep  compliances  cor¬ 
responding'  to  transverse  normal  and  in¬ 
plane  shear  loadings.  As  an  engineering 
approximation,  we  assume  that  the  compli¬ 
ance  ratio  in  creep  deformation  is  equal 
to  that  in  elastic  deformation.  Thus, 
Eqs.  (10)  become 


C 


i2 


■[% 

^S^^  elastic 


i=f  ,m 


^f6 


=  [$]  (20) 

^S^^  elastic 


Also,  incompressibility_9f  the  constituent 
materials  implies  that  v^2  =  “0.5  . 


Another  assumption  used  in  the  present 
calculation  due  to  insufficient  experi¬ 
mental  data  is  that  the  strength  ratio  for 
both  constituent  materials  are  equal  to 
the  ratios  of  corresponding  stiffnesses. 
That  is 


X 

i 

11 


X. 

i=f,m  ;  =  -r-  ;  i=f,m  (21) 


With  these  assumptions,  the  creep 
components  can  be  computed  step  by  step 


In  obtaining  this  value,  the  trans¬ 
verse  isotropic  and  isotropic  characteris¬ 
tics  of  fibers  and  matrix  material  have 
been  used. 


as  shown  in  the  preceding  section.  Fig. 
1  presents  a  comparison  of  experimental 


Fig.  1.  Comparison  of  present  theoretical 
results  with  experimental  results 
in  longitudinal  tension. 

results  from  [ill  theoretical  results 
from  the  present  work  in  uniaxial  longi¬ 
tudinal  tension.  It  is  seen  that  the 
similarity  of  the  results  is  encouraging 
at  least  for  engineering  purposes.  The 
creep  deformation  under  uniaxial  trans¬ 
verse  tension  is  shown  in  Fig.  2.  Corn- 


Fig.  2.  Creep  curves  for  Kevlar  49/epoxy 
in  transverse  tension. 

paring  Figures  1  and  2,  one  sees  that  the 
creep  in  transverse  loading  is  much  more 
pronounced  than  that  in  longitudinal 
loading. 

Creep  curves  under  various  biaxial 
stress  states  are  given  in  Figures  3  and 
4.  It  is  interesting  to  see  that  creep 
in  the  transverse  direction  decreases  as 
longitudinal  loading  increases  if  trans¬ 
verse  loading  remains  unchanged.  This  is 
not  suriirising,  since  the  same  phenomenon 
is  found  in  isotropic  material.  For  ex¬ 
ample,  the  creep  in  direction  2  for  epoxy 
decreases  about  477®  if  the  stress  ratio 
ai/o’2  is  increased  from  1  to  1.5  (with 
Gi  fixed).  Fig.  5  shows  creep  deformations 
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Fig.  3.  Creep  curves  for  Kevlar  49/epoxy 
under  various  biaxial  stress 
states  with  a2  =  12  mpa. 


Fig.  4.  Creep  curves  for  Kevlar  49/epoxy 
under  various  biaxial  stress 
states  with  a2  -  6  mpa. 


corresponding  to  a  generalized  plane-stress 
state.  The  solid  curves  in  Fig,  5  are  ob¬ 
tained  by  the  method  presented  in  the  pre¬ 
ceding  section,  while  the  dashed  curves  are 
obtained  by  fitting  the  present  analysis 
with  a  creep  version  of  Hill's  theory  of 
orthotropic  plasticity.  (The  procedure 
used  for  fitting  curves  is  presented  in 
the  Appendix.) 

CONCLUSIONS 

A  rational  approach  was  used  to  derive 
equations  for  predicting  creep  behavior  of 
a  filamentary  composite  under  a  generalized 
plane  stress  state.  These  equations  were 
used  in  conjunction  with  constituent  ma¬ 
terial  behavior  information.  Numerical  re- , 
suits  were  presented  for  Kevlar  49/epoxy 
at  room  temperature  for  the  following  four 
loading  cases: 

1.  Longitudinal  tension 

2.  Transverse  tension 

3.  Biaxial  tension,  i.e,  cases  1 
and  2  superimposed. 

4.  Generalized  plane  stress,  i.e. 
case  3  with  superimposed  shear 
load. 

Good  agreement  was  obtained  by  comparing 
the  present  theoretical  results  with  exist¬ 
ing  experimental  results  in  case  1.  No 
experimental  data  for  the  last  three  stress- 
state  cases  are  available  in  the  literature. 
More  tests  in  addition  to  uniaxial  longi¬ 
tudinal  tension  are  strongly  recommended 
to  characterize  the  creep  behavior  of  con¬ 
stituent  materials  as  well  as  the  composites, 
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APPENDIX  -  CURVE  FITTING 


In  view  of  Hill*s  plasticity  theory 
one  can  write  the  following  general  creep 
equations  for  orthotropic  material: 


(€t)  =A,C7 

l'^  creep  t  c 


_  N  -1  S.. 

(€«)  oA  a  ^  t^(-0.5cr-  + - 

^  2^creep  pc  ^  1  c  2^ 

^11 


(€,)  =A  a  t  (—  CT,)  (A.l) 

^  6^creep  s  c  ^  c  6'  ^  ^ 

^1 


where  a  is  the  so-called  effective  stress. 
If  the  material  is  transversely  isotropic, 
one  can  write  the  effective  stress  as 
follows  (see  Eq.  9) : 

\  ^  J(a^-a2)^  +  ol  +  aal  +  ba^  (A. 2) 


Tsai,  S.W.  ,  "Strength  Theories  of 
Filamentary  Structures",  Fundamental 
Aspects  of  Fiber  Reinforced  Plastic 
Composites,  R.T.  Schwartz  and  H.S. 
Schwartz  ed.,  Wiley  Interscience, 

New  York,  1968,  pp.  3-11. 


The  constants  A^,  A  ,  Ag,  N^,  N  ,  Ng, 

L,  p,  S,  a  and  b  can  be  aeterrained  as 
follows : 

1.  Determine  t  from  longitudinal  ten¬ 
sion:  find  the  ratio  of  two  dif¬ 

ferent  (€^)  creep  strains  for  two 
different  times  at  the  same  applied 
tension. 
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Determine  from  longitudinal 

1  = 

0.0438; 

p  =  0.253; 

s  =  0.253 

tension:  find  the  ratio  of  two 

different  creep  strains  for 

=  0.582 

N  =  1.661 

P 

N  -  1.661 
s 

two  different  loadings  at  the 
same  time. 

1.724x10"^; 

A  =1.40x10'^; 

P 

A  =1.40x10'® 
s 

Once  Ji  and  are  determined,  A^ 
can  be  determined  by  using  longi¬ 
tudinal  data. 

a  = 

(MPa)  ^ 

350; 

-N 

(MPa)  P 

b  =  1500 

-N 

(MPa)  ^ 

4.  Determine  p  from  transverse  ten¬ 
sion:  same  as  1  except  use  trans¬ 
verse  loading  instead  of  longi¬ 
tudinal  loading. 

5.  Determine  N  from  transverse  ten- 

p 

sion:  same  as  2,  except  use 

transverse  loading. 

6.  Determine  A  and  a  by  using  two 
sets  of  data;  one  in  transverse 
tension  and  one  in  biaxial  loading. 

7.  Determine  s  from  pure  shear  loading: 
same  as  1  and  4  except  use  pure 
shear  loading. 


8.  Determine  Ng  from  pure  shear 

loading:  same  as  2  and  5  except 

use  pure  shear  loading. 

9.  Determine  Ag  and  b  by  using  two 
sets  of  data:  one  in  pure  shear, 
one  in  shear  plus  longitudinal 
loadings. 

In  order  to  determine  compliance  of 
the  composite  material  in  terms  of  con¬ 
stituent  material  properties,  a  micro¬ 
mechanics  theory  should  be  used.  For  en¬ 
gineering  purposes,  the  following  equa¬ 
tions  are  accurate  enough  to  determine 
composite  compliances. 


S 


c 

11 


V 

m 


n-1 

•J 


s”  V  +  sf.v, 

11  m  11  f 


(A.  3) 


In  the  present  paper,  the  values  of 
constants  used  are  summarized  as  follows: 
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CONSTANT  RADIAL  DISPLACEMENT,  THICK  WALL,  FILAMENT  WOUND  FLYWHEELS 


R.  Z.  Naar,  R.  A.  Panora,  Jr.,  Dept,  of  Chemical  Eng.  Tufts  University,  Medford,  MA. 
B.  M.  Halpin,  Jr.,  Army  Materials  &  Mechanics  Research  Center,  Watertown,  MA. 


ABSTRACT 

A  new  type  of  composite  flywheel  rotor  design  is  proposed  for  use  in  an  energy 
storage  systeg.  The  design  is  based  on  filament  winding  manufacturing  techniques  with 
Kevlar  Aramid  fibers  as  the  reinforcing  fiber  in  an  epoxy  matrix.  The  concept  is  a 
variation  of  the  so-called  "Modular  Ring"  concept  with  the  elastomer  ring  to  ring 
attachment  eliminated  by  varying  the  modulus  of  elasticity  (in  the  circumferential 
direction)  with  radial  position  in  the  flywheel  cylinder.  By  proper  adjustment  of  the 
modulus  of  elasticity  with  radial  position,  each  annulus  of  the  flywheel  will  expand 
equally  in  the  radial  direction  thus  eliminating  radial  stresses  and  the  need  for  a 
modular  design.  The  modulus  of  elasticity  is  varied  radially  by  continuously  changing 
the  orientation  of  the  fibers  from  the  inside  to  the  outside  diameter  of  the  flywheel 
rotor  by  suitably  programming  the  filament  winding  machine.  To  verify  the  theoretical 
predictions,  flexure  tests  on  filament  wound  rings  were  carried  out  on  angle-ply 
specimens  wound  at  various  orientations.  This  testing  provided  data  as  to  modulus 
changes-  with  fiber  orientation.  The  samples  were  also  strength  tested  using  a  hydro¬ 
burst  apparatus  to  allow  a  prediction  of  the  energy  storage  capabilities  of  this  design. 
Based  on  the^experimental  results  the  proposed  flywheel  could  store  20  W.-hr,/lb.  and 
.75  W.-hr/in  of  energy.  Further  optimization  of  this  design  is  also  proposed,  which 
would  greatly  improve  the  design' s  energy  storage  capacity. 


I .  INTRODUCTION 

In  composite  flywheels  the  existence 
of  both  radial  and  hoop  stresses  on  rota- 
tation  presents  a  problem.  Generally  in 
a  composite  flywheel,  the  strength  bear¬ 
ing  member  (the  reinforcing  fiber)  is 
oriented  circumferentially,  the  rotor 
possessing  little  strength  in  the  radial 
direction  (i.e.  only  the  strength  of  the 
resin) .  The  maximum  RPM  is  thereby 
limited,  hence  limiting  the  energy  storage 
capacity.  A  number  of  designs  have  been 
proposed  to  overcome  this  limitation. 

Some  are  based  on  the  fact  that  if  the 
thickness  of  a  rotor  is  much  less  than  its 
diameter,  radial  stresses  are  very  small 
and  can  be  supported  by  the  matrix  resin. 
Flywheels  have  been  built  on  that  principle 
(i.e.  thin  rim).  The  volumetric  effi¬ 
ciency  of  such  flywheels  is  low.  Other 
flywheels  have  been  constructed  to  make 
use  of  the  same  principle  but  attempting 
to  increase  the  volumetric  efficiency. 

For  instance,  a  flywheel  composed  of  many 
concentric  thin  rings  would  have  a  higher 
volumetric  efficiency.  The  problem  in 
such  a  flywheel  is:  a.  joining  the  thin 
rings,  b.  each  t-ing  expands  under  the 
influence  of  centrifugal  forces  by  a 
different  absolute  amount,  the  outermost 
ring  expanding  the  greatest  amount. 


One  proposed  solution  to  the  concen¬ 
tric  ring  problem  is  a  flywheel  design 
with  the  rings  jointed  by  a  compliant 
elastomeric  matrix  allowing  for  differen¬ 
tial  expansion.  Problems  with  this  con¬ 
cept  include : 

a.  complicated  construction 

b.  inability  to  accelerate  or  de¬ 
celerate  at  high  rates  because  of  the 
considerable  shear  forces  generated  in  the 
elastomeric  layers . 

We  have  developed  a  new  concept  based 
on  the  idea  that  no  elastomer  would  be 
necessary,  in  a  modular  design, if  the  dis¬ 
placement  of  each  ring  during  rotation 
were  the  same.  If  the  modulus  of  elas¬ 
ticity  of  each  ring  in  the  hoop  direction 
were  suitably  altered,  then  the  radial 
expansion  of  each  ring  could  be  controlled. 
Thus  we  could  construct  a  one-piece,  thick- 
walled  flywheel  which  could  be  visualized 
as  a  series  of  extremely  thin  rings  in 
contact  with  each  other  (no  compliant 
adhesive  being  necessary) .  All  rings 
would  ey^and  by  the  same  absolute  amount 
on  rotation  generating  essentially  no 
radial  stress.  Composite  materials  tech¬ 
nology  allows  us  to  do  just  that,  by 
utilizing  filament  winding  techniques 
with  Kevlar /epoxy  as  one  selection.  The 
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modulus  can  be  varied  at  will,  by  the 
proper  choice  of  the  wrap  angle  (helix 
angle)  of  the  reinforcing  fiber,  and  this 
can  be  achieved  by  suitably  programming 
a  continuous  filament  winding  machine. 

II.  THEORY 

A.  MODULUS  OF  ELASTICITY  REQUIREMENTS: 


On  the  basis  of  the  above/  we  cal¬ 
culated  for  a  given  geometry  (i.e.  solid 
flywheel  of  outside  radius  R  and  inner 
radius  R/2) : 

a.  The  appropriate  values  of  the  modulus 
as  a  function  of  radial  position. 

b-  The  proper  wrap  angle  to  achieve  the 
required  modulus  value. 

It  is  well  known  (1)  that  the  hoop 
stress  experienced  by  a  thin  ring,  of  ra¬ 
dius  r, upon  rotation  varies  with  the 
square  of  its  radius: 

a  =  p  r-  (1) 

r  - 

9c 

where:  =  hoop  stress 

p  =  density  of  the  ring 
r  =  radius  of  the  ring  or 
lamina 

(jj  =  angular  velocity  of 
the  ring 

g^  =  gravitational  constant 

For  a  flywheel  composed  of  a  series 
of  concentric  laminae  in  contact  with 
each  other,  the  condition  that  all  lami¬ 
nae  expand  by  the  same  amount  (i.e.  that 
their  radial  displacements  be  the  same) 
is 

Ar  =  Ar  (2) 

Now,  the  strain  ig^each  lamina  is,  by 
definition,  (and  hence 

taking  the  ratio  arid  using  Eq.  (2)  we 


Finally,  assuming  the  materials  to  be 
Hookean  and  using  Eq.  (1)  we  obtain  by 
substitution  in  (3) , 


Equation  (4),  where  Ej-  and  Ej^  are  the 
Young *s  moduli,  describes  how  the  modulus 


must  vary  with  radial  position  in  order 
for  the  individual  laminae  to  expand  by 
the  same  amount  under  rotationally  in¬ 
duced  hoop  stress. 

Next  Eq.  (4)  needs  to  be  translated 
into  the  proper  inclination  angle. 

(Figure  1  shows  how  the  angle  of  wrap,  ot/ 
is  defined) .  This  was  done  by  first 
applying  classical  laminate  theory  (^)  to 
determine  how  the  elastic  modulus  varies 
with  angle  and  is  shown  in  Fig.  2. 
Using  Fig.  2  and  Eq. (4) ,  the  winding 
program  for  constructing  the  proposed 
flywheel  is  readily  obtained  and  is 
shown  in  Fig .  3 . 

B .  STRENGTH  LIMITATIONS 


Since  the  adjustment  in  fiber  orien¬ 
tation  results  in  loss  of  strength  rela¬ 
tive  to  the  90®  orientation,  the  hoop 
strength  at  each  radial  position  in  a 
flywheel  constructed  per  Fig.  3  must  be 
estimated.  A  loss  in  strength  is  accept¬ 
able,  of  course  since  stresses  will  be 
considerably  lower  in  the  inner  portions 
of  the  wheel,  as  indicated  by  Eq.  (1) . 
Three  predictions  as  to  how  strength 
varies  with  radial  position  were  utilized, 
shown  in  Fig.  4.  The  curve  labeled 
Author's  approximation  refers  to  a  sim¬ 
plified,  "maximum  strain"  approach.  The 
other  two  predictions  are  from  the  so- 
called  "maximum  stress  theory"  (_2)  and 
from  a  computer  solution  from  the  liter¬ 
ature  (^)  . 

To  calculate  the  energy  storage  abil¬ 
ity  of  our  design,  the  predictions  of 
strength  may  be  used  to  calculate  the 
level  of  stress  where  failure  would  occur. 
As  an  example,  consider  the  "author's" 
strength  prediction.  Based  on  the  wind¬ 
ing  program  of  Fig.  3,  and  the  above 
prediction,  the  strength  of  this  fly¬ 
wheel  as  a  function  of  radial  position 
can  be  estimated.  This  is  shown  in  Fig. 

5  by  the  curve  labelled  "stress  before 
failure" .  The  level  of  stress  as  a 
function  of  radial  position  is  also 
shown  in  Fig.  5,  labeled:  "working  stress'.' 
Of  course,  the  working  stress  level  can 
be  shifted  by  changing  the  RPM  of  the 
flywheel.  At  the  stress  level,  or  RPM, 
where  tangency  of  the  two  curves  occurs, 
failure  will  take  place.  Based  on  Fig. 

5,  the  proposed  design  can  store  55  W- 
hr/lb  of  energy.  The  other,  less  opti¬ 
mistic  predictions  indicate  failure  will 
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occur  at  a  lower  RPM,  when  the  wheel  is 
storing  30  w- hr/lb. 

III.  EXPERIMENTAL 

To  test  our  hypothesis  we  conducted 
experiments  on  suitably  constructed  fila¬ 
ment  wound  ring  specimens,  and  determined 
the  actual  modulus  as  well  as  the  strengtti 
of  the  rings.  The  rings  were  wound  at 
different  angles  and  corresponded  to 
specific  radial  locations  in  the  pro¬ 
posed  composite  flywheel. 

Experiments  were  performed  on  sepa¬ 
rate  rings  8**  in  diameter,  1"  wide  and 
approximately  0.060"  thick  containing  60% 
fiber  by  volume.  The  experimental  rings 
were  suff icj^ently  thin  that,  if  they  were 
spun,  minimal  radial  stresses  would  be 
generated.  The  rings  were  filament 
wound  on  a  programmable  winder  from  Kev¬ 
lar  49  and  Dow  XD  7818  epoxy  cured  with 
Jeffamine  T-403,  and  were  cut  from  12" 
long  cylinders  wound  on  an  S"  mandrel. 

The  helix  angles  selected  for  winding 
were  90*^,  ±  80°,  ±  60°  and  ±  50°. 

The  specimens  prepared  in  this  manner 
developed  a  resin  "skin"  during  cure  on 
the  mandrels.  Their  actual  thickness, 
t,  was  taken  to  be  the  total  ring  thick¬ 
ness  measured  with  a  micrometer,  less 
the  resin  "skin".  The  thickness  of  the 
skin  was  measured  with  the  aid  of  a  micro¬ 
scope.  Numerous  measurements  were  made 
at  several  points  around  the  ring  and 
averaged. 

Also  a  new  technique  for  measuring 
fiber  concentration,  based  on  elemental 
analysis  of  specimens,  was  developed  and 
will  be  piiblished  in  Fiber  Science  and 
Technology. 

A.  MODULUS  EXPERIMENTS 

Each  ring  was  tested  in  flexure  by 
applying  point  loads  at  diametrically 
opposed  locations  on  the  ring  and  measiir- 
ing  the  resultant  deflections.  Each  ring 
was  tested  twice,  90°  apart.  The  tests 
were  performed  on  an  Instron  machine. 

Care  was  taken  to  insure  that  the  imposed 
deformations  were  within  the  elastic 
range.  This  was  evidenced  by  the  perfect 
reversibility  of  the  loading  and  unload¬ 
ing  curves  (no  hysteresis) .  The  modulus 
was  then  calculated  according  to  Timo¬ 
shenko  Strength  of  Materials;  Part  II 


Advanced  Theory  and  Problems  using  the 
theory  of  stiffness  of  curved  bars. 

The  results  are  shown  in  Fig.  6.  The 
agreement  with  the  theory  is  good,  one 
experimental  point  which  is  not  in  agree¬ 
ment  is  attributed  to  a  possible  error  in 
measuring  the  thickness.  The  calcula¬ 
tions  of  modulus  depend  on  the  third 
power  of  the  thickness  and  a  small  error 
would  be  magnified. 

B .  STRENGTH  EXPERIMENTS 

We  did  not  have  a  capability  for 
determining  fiber  strength  in  rotation. 
Hoop  strength  was  determined  in  a  simple 
apparatus  that  subjected  the  specimens 
to  hoop  stress  generated  by  hydraulic 
pressure.  Although  this  is  not  an  ideal 
method  for  strength  determination  because 
of  the  edge  effects  imposed  on  the  1" 
wide  specimensf it  had  the  overwhelming 
asset  of  being  available  and  the  speci¬ 
mens  could  be  rapidly  prepared. 

A  detailed  drawing  of  the  apparatus 
is  shown  in  Fig.  7.  A  photograph  of  the 
apparatus  disassembled  is  shown  in  Fig. 8. 
In  this  apparatus  each  ring  is  subjected 
to  stress  with  the  aid  of  a  hydraulically 
pressurized  elastomeric  bladder  (a  bicy¬ 
cle  tire  bladder  shortened  and  glued  to 
the  proper  dimensions) .  A  fixture  re¬ 
strains  the  rings  on  top  and  bottom  in 
an  attempt  to  insure  that  they  are  sub¬ 
jected  to  hoop  stress  only.  In  practice 
considerable  manipulation  was  necessary 
to  insure  that  the  rings  were  not  com¬ 
pressed  by  the  restraining  fixture/ there¬ 
by  generating  frictional  forces  at  their 
edges  that  would  require  additional  pres¬ 
sure  to  fracture  them  and  thus  lead  to 
erroneous  (artificially  high)  strength 
values.  To  that  effect, shims  were  used 
in  each  test  so  that  after  assembly  of 
the  apparatus,  but  prior  to  pressurization, 
the  ring  could  be  moved  about  easily  by 
hand.  This,  however,  led  to  another  diffi¬ 
culty:  because  of  the  Poisson  contraction 
of  the  rings  under  test, the  bladder  at 
high  pressures  tended  to  extrude  between 
the  ring  edges:  this  effect  will  be  dis¬ 
cussed  below  and  was  particularly  pro¬ 
nounced  with  the  90°  specimens. 

Once  the  ring  was  mounted  on  the 
apparatus  and  suitably  shimmed  as  der 
scribed  above,  pressure  was  applied  and 
increased  until  failure  of  the  ring  oc¬ 
curred.  The  pressure  at  f ailure/ Pf/ was 
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recorded  and  the  corresponding  hoop  fail 
ure  stress  O  was  calculated  using  thin 
walled  vessel  theory 


The  results  of  strength,  as  a  function 
of  helix  angle  are  shown  in  Fig.  9.  The 
three  predictions  are  also  compared  to  the 
experimental  results. 

In  general  our  strength  results  con¬ 
form  well  ^o  the  predictions  of  Yao  and 
Abildskov  .  Since  strength  is  an  end 
property,  it  is  notoriously  difficult  to 
predict.  This  is  evidenced  by  the  great 
number  of  models  proposed  by  various 
authors  on  these  complex  systems.  Our 
major  difference  with  the  published  re¬ 
sults  occurred  at  the  helix  angle  of  90° 
where  our  strengths  were  well  below  those 
reported  in  the  literature  by  workers  using 
specially  constructed  vessels  to  eliminate 
or  minimize  end  effects  (e.g.  T.T.  Chiao*s 
work  on  Organic  Fiber/Epoxy  pressure 
vessels  done  for  NASA  Contract  No. 

C-13980-C) .  We  have  no  reason  to  believe 
that  the  filament  wound  rings  contained 
defects  responsible  for  the  observed  lower 
strength  values.  The  observed  values  are 
believed  to  be  lower  than  the  true  strength 
of  the  specimens  and  we  attribute  them  to 
artifacts  and  end  effects  resulting  from 
the  rather  unrefined  apparatus. 

The  90°  specimens,  as  did  most  others, 
presented  the  problem  that  the  pressuriz¬ 
ing  bladder  in  the  hydroburst  apparatus 
tended  to  extrude  over  the  top  of  specimen. 
Based  on  this  observation,  a  mechanism  for 
the  early  failure  of  90°  specimens  is 
proposed.  As  shown  in  Fig.  10,  the  bladder 
extrudes  over  the  specimen  at  high 
pressures  resulting  in  a  bending  of  the 
ring.  Bending,  of  course,  is  accompanied 
by  tension  which  would  act  perpendicular 
to  the  fibers,  causing  a  splitting  of  the 
ring.  Visual  inspection  of  the  failed  90° 
specimens  shows  that  they  do  appear  to 
have  failed  from  tension  applied  trans¬ 
versely  to  the  fibers.  Moreover  (and  this 
is  true  of  the  90°  specimens  only)  in  10 
separate  fracture  experiments  we  were 
never  able  to  fracture  a  specimen  through: 
only  one  half  (usually  the  top)  would  fail 
as  described  above.  Specimens  wound  at 
other  angles  would  be  able  to  resist  bend¬ 
ing  because  of  the  inclination  of  the 
fibers;  hence  they  did  not  split  as  the 
90°  specimens  did. 


IV  SUMMARY  &  CONCLUSIONS 

Based  on  the  experimental  strength 
values  which  we  obtained  and  which  we  be¬ 
lieve  to  be  conservative,  an  estimate  of 
the  energy  storage  capacity  of  our  design 
can  be  made.  The  stress  where  failure 
would  occur  at  each  radial  position  is 
shown  in  Fig.  11,  and  is  marked  "Failure 
Stress".  The  stress  distribution  at  3 
different  RPM  is  also  shown.  A  flywheel 
of  4  inches  inner  and  8  inches  outer 
diameter  using  a  winding  program  deter¬ 
mined  from  experiment  (i.e.  modified 
version  of  Fig.  3)  will  fail  at  62000 
RPM.  The  stress  level  will  be  of  such 
that  the  flywheel  wou^d  be  storing  20  w 
hr/lb  and  . 75  w-hr/in  of  energy.  This 
compares  with  values  reported  in  the 
literature  shown  in  Table  1. 

The  design  can  be  improved  by  making 
the  angle  of  wrap  steeper  to  increase  the 
tensile  strength  of  the  inner  portions  of 
the  rotor.  This  should  be  possible  if 
the  system  will  tolerate  certain  levels 
of  radial  stresses. 

Other  areas  for  future  work  include 
the  investigation  of  hybrid  composites  to 
optimize  the  design  by  allowing  for 
greater  strength  in  the  inner  portions 
of  the  wheel. 
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Table  1.  A  Comparison  of  Flywheels  to 
batteries . 


System  Energy  Energy 

Storage  Storage 

(W-hr/lb)  (W-hr/in  ) 


Sodiijm  Antimony 

50 

2 

Tricholoride  Battery* 

Lithium  Metal 

85 

3.5 

Sulfide  Battery* 

Lead  Acid 

9 

.75 

Batteries*  ^ 

Garrett's  Flywheel 

20 

.65 

Multirim  Flywheel** 

14.1 

not  give] 

Thin  Rim  (estimate) 

55 

.45 

Proposed  Design  A 

20 

.75 

*Whitaker,  R. ,  and  : 

Birk,  J 

.  ,  EPRI  Journal 

Vol,  I.  No.  8,  Oct. 

1976,  pp.  6-13. 

"^Rinde,  J.A. ,  Chiao 

,  T.T., 

and  Stone, R.G.  , 

"Composite  Fiber  Flywheels 

for  Energy 

Storage",  paper  presented  at  8th  SAMPE 
Technical  Conference,  Oct.  12-14,  1976. 

**William  M.  Brobeck  &  Associates, 
Berkeley,  California  "Investigation  of 
Multi-Ring  Fiber-Composite  Flywheels  for 
Energy  Storage",  ERPI  EM-227,  Project 
269-2,  Final  Report,  Sept.  1976. 
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ANGLE  OF  ORIENTATICN,ot  (DEGREES) 


Figure  2.  Variation  of  Modulus  with  Fiber  Orientation 

for  Kevlar  Composites 
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'ATICN,  «  (DEGREES) 


Figure  3.  Fiber  Orientation  vs.  Radial  Position  for  Proposed 

Flywheel  Design 
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ENTATICN, 


od  (DEGREES) 


Variation  with 


Hoop  Stxess  (ksi) 


Figure  5.  Working  and  Maximum  Stress  in  Proposed 

Flywheel  on  Rotation 
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MODULUS  OF  ELASTICITY,  E  (  x  10^  PSI) 


ANGIit:  OF  ORIENTATION,  Ot  (DEGREES) 


Figure  6.  Variation  in  Modulus  with  Orientation 
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Figure  7.  Cross  Section  of  Hydroburst  Apparatus 


Figure  8.  Hydroburst  Apparatus  (Disassembled) 
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Figure  9.  Experimental  Strength  Results  vs.  Predictions 


A,  Ideal  stress  distribution  on  a 
specimen  in  the  hydroburst  test 
apparatus  (at  low  pressure) 


B.  At  hi^  pressures  and  high  strains 
specimen  contracts  in  widtli, 
ing  bladder  to  extrude  out  and  ^^ly 
pressure  on  top  and  bottan  of  the 
sarrple,  Hie  sample  may  deform  as  shown. 


C.  Edge  of  sanple  fails  as  shewn. 


Figure  10.  Possible  Failure  Mechanism  for  Hoop  Wound 

Specimens 
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Radial  Position  (%  of  O.DJ 


Figure  11.  Stress  Level  as  a  Function  of  RPM  vs.  Radial 
Position  for  Proposed  Flywheel 
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Albuquerque,  New  Mexico  87115 


ABSTRACT 

Sandia  has  been  assigned  lead-laboratory  status  by  ERDA,  charged  with  advancing  the 
technology  of  flywheel  energy  storage  systems.  At  the  outset,  particular  emphasis  has 
been  placed  upon  systems  which  might  be  used  in  vehicular  applications.  Other  presenta¬ 
tions  at  this  symposium  by  Reedy  and  Gerstle;  Allred,  Foral,  and  Dick;  and  Bert  and 
Chen  describe  our  work  on  composite  flywheels  -  an  effort  which  still  comprises  the  bulk 
of  our  in-house  activity.  In  this  talk,  we  will  list  all  of  the  technological  problems 
which  we  are  (or  will  be)  investigating.  These  are  the  components  of  a  unified  program 
which  grew  out  of  our  initial  effort  with  composite  wheels. 


INTRODUCTION 

The  economic  success  of  a  technology 
rarely  springs  from  a  single  innovation. 

In  most  cases,  the  governing  factors  are 
quantitative  rather  than  qualitative. 

Thus,  for  example,  although  manned  flight 
had  been  taking  place  for  a  century,  avia¬ 
tion  did  not  become  commercially  feasible 
until  a  lengthy  evolution  had  produced 
an  internal  combustion  engine  with  power- 
to -weight  ratio  high  enough  to  allow  its 
use  in  flight. 

Energy  storage  technology  is  in  much 
the  same  state  as  early  aviation.  No 
question  exists  concerning  the  technical 
feasibility  of  energy  storage.  The  prob¬ 
lems  which  we  now  face  are  matters  of  de¬ 
gree.  They  are  concerned  with  making 
systems  smaller,  lighter,-  more  efficient, 
more  reliable,  safer  and  cheaper.  Fail¬ 
ing  any  dramatic  innovations,  the  compo¬ 
nents  of  a  successful  flywheel  energy 
storage  system  can  be  easily  identified 
by  their  function  (Viewgraph  l) .  Great 
latitude  exists,  however,  as  to  the  choice 
of  the  specific  hardware  which  is  to  per¬ 
form  each  of  the  given  functions.  The 
first  objective  of  our  program  will  be  to 
characterize  potential  system  components 
in  order  to  allow  tradeoff  studies  to  be 
performed.  These  studies  will  allow  an 
optimum  permutation  of  components  to  be 
selected  for  given  applications.  Thus, 
the  best  compromise  for  a  hybrid  vehicle 
might  be  a  composite  wheel,  rolling  con¬ 
tact  bearings,  and  electrical  input  and 
output;  a  stationary  application  may  be 
best  served  by  a  metal  wheel,  air  bearings, 
and  a  mechanical' drive.  The  permutations 
are  numerous  and,  without  data  characteriz¬ 
ing  each  element  of  the  system,  no  rational 
basis  exists  for  decision  making. 


Each  of  the  ten  components  identified 
in  Viewgraph  1  will  be  discussed  in  turn, 
with  a  commentary  on  Sandia 's  efforts  re¬ 
lating  to  that  item.  The  subject  of 
"Wheel  Design"  (Viewgraph  2)  will  be 
adequately  treated  by  companion  papers 
mentioned  in  the  abstract.  This  view- 
graph  lists  the  aspects  of  wheel  design 
which  actually  involve  efforts  by  Sandia 
Laboratories  as  of  the  present  writing. 

Under  the  heading  of  "Heat  Transfer" 
(viewgraph  3)?  a  study  is  being  performed 
which  treats  aerodynamic  heating  of  the 
wheel.  This  problem  is  particularly  se¬ 
vere  in  the  case  of  a  resin  matrix  compo¬ 
site  wheel  because,  not  only  is  the  mater¬ 
ial  temperature  sensitive,  but  also  its 
poor  thermal  conductivity  tends  to  allow 
the  temperature  rise  to  be  concentrated 
at  the  periphery  rather  than  be  mitigated 
by  radial  conduction.  A  first  analysis 
has  already  shown  that  the  problem  is 
more  severe  than  was  generally  recognized, 
hence  placing  stringent  requirements  upon 
the  vacuum  system. 

Viewgraph  4  shows  the  equilibrium 
temperature  which  will  be  assumed  by  the 
periphery  of  a  one  foot  radius  disk  rotat¬ 
ing  at  40,000  RPM  in  air  or  helium  at 
pressures  between  10“^  and  10“^  Torr. 

These  curves  were  calculated  assuming 
that  the  temperature  is  established  by  a 
balance  between  heating  due  to  skin  fric¬ 
tion  and  cooling  by  radiation.  This 
assumption  is  conservative,  but  not  radi¬ 
cally  so  in  view  of  the  low  thermal  con¬ 
ductivity  of  coii5)osites.  The  calcula¬ 
tions  wete  performed  using  an  algorithm 
which  had  been  developed  at  Sandia 
Laboratories  for  reentry  problems.  Note 
that  air  pressures  on  the  order  of  10"^ 
Torr  will  be  required  if  wheel  temperatures 
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are  to  be  kept  below  a  realistic  value 
of  about  I50OF.  Tbis  work  is  currently- 
being  extended  to  account  for  conduction 
and  to  produce  a  computer  code  which  will 
give  internal  temperature  distributions. 

Bearings  are  treated  in  Viewgraph  5* 
"Data  for  Tradeoff  Studies"  lists  the 
parameters  which  will  have  to  be  defined 
in  order  to  allow  a  choice  of  bearing 
types  to  be  made  for  any  given  application. 
This  sort  of  data  will  be  understood 
wherever  the  heading,  "Tradeoffs"  appears 
on  subsequent  viewgraphs.  "Types"  lists 
the  developmental  efforts  which  we  will 
be  sponsoring  in  industry,  with  the  excep¬ 
tion  of  hydrodynamic  bearings,  to  which  we 
have  assigned  a  lower  priority. 

The  first  two  types  of  shaft  seal 
listed  in  Viewgraph  6  should  be  familiar 
to  most  readers.  The  "Dynamic",  however, 
is  a  fairly  unique  bit  of  technology  which 
incorporates  a  molecular  drag  pump  into 
the  rotating  seal.  The  "Hydrodynamic" 
involves  pumping  the  clearance  volume  be¬ 
tween  a  shaft  and  the  surrounding  cylin¬ 
der,  We  are  sponsoring  efforts  in  all 
four  types  listed  here. 

A  number  of  vacuum  pumping  schemes 
are  listed  in  Viewgraph  7-  Of  these, 
only  turbomolecular  pumps  are  currently 
being  investigated.  The  requirements 
which  a  pump  must  meet  in  a  flywheel  ap¬ 
plication  are  not  stringent  as  vacuum 
technology  goes,  but  high  premiums  are 
placed  on  reliability  and  energy  economy. 
Ultimately,  we  plan  an  intensive  effort 
in  the  field  of  pumping. 

No  effort  is  currently  being  exerted 
per  se  upon  "Containment"  (Viewgraph  8). 

A  certain  amount  of  relevant  data  will  be 
generated  during  spin  tests,  where  efforts 
are  to  be  made  to  photograph  the  wheel  at 
break-up  and  during  subsequent  interactions 
with  the  walls  of  the  container. 

"Power  Conditioning"  (Viewgraph  9) 
is  listed  for  completeness,  although  Sandia 
is  not  currently  funding  any  studies  of 
this  problem. 

Creating  "Failure  Sensors"  (Viewgraph 
10)  which  are  reliable  and  cheap  enough 
to  be  economically  usable  will  present  an 
interesting  technical  challenge.  Monitors 
are  needed  which  will  indicate  deteriora¬ 
tion  of  the  vacuum  due  to  leaks  or  out- 
gassing.  Similar  detectors  would  also 
respond  to  the  pressure  pulse  which  is 


generated  when  a  wheel  fractures  and 
exposes  a  fresh  surface  covered  with 
volatile  products.  In  some  cases  this 
pulse  may  preceed  catastrophic  failure 
of  the  wheel  by  a  period  long  enough  to 
allow  emergency  shutdown. 

Mechanical  deterioration  of  the  wheel 
might  be  detected  by  particle  impact 
sensors  around  the  periphery.  Accelero¬ 
meters  on  the  bearings  can  detect  un¬ 
balance  of  the  wheel  due  to  creep,  as 
well  as  the  vibration  of  an  impending 
bearing  failure.  Temperature  monitors 
looking  at  the  wheel  periphery  would 
provide  another  check  on  abnormal  aero¬ 
dynamic  heating  due  to  poor  vacuum  and 
might  sense  energy  being  dissipated  at  a 
fracture  in  the  wheel. 

Bearing  instrumentation  is  self 
explanatory,  except  for  "Specifics"  such 
as  deterioration  of  lubricating  oil  or 
abnormalities  in  the  behavior  of  servo 
electronics  in  magnetic  bearings. 

"Variable  Speed  Transmissions"  (View- 
graph  11)  and  "Motors/Generators"  (View- 
graph  12)  are  included,  again,  for  com¬ 
pleteness,  although  we  have  no  efforts 
in  progress  under  either  of  these  headings. 
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VARIABLE  SPEED  TRANSMISSIONS 


WHEEL  DESIGN 


•COMPOSITES  STUDIES 

FABRICATION  STRESSES 

THERMAL  STRESSES 

CREEP  AND  TEMPERATURE  EFFECTS 

UPGRADING  TRANSVERSE  PROPERTIES 

•DESIGN  AND  ANALYSIS 

GEOMETRY 

MATERIALS  COMPATIBILITY 
DYNAMICS 

•TESTING 

PERFORMANCE  (SPEEDS^  VIBRATION^  CREEP) 

FAILURE  MODES 

DIAGNOSTICS 

CONTAINMENT 

VIEWGRAPH  2 


HEAT  TRANSFER 

•  AEROTHERMODYNAHICS 

•  INTERNAL  TEMPERATURE  FIELD 

MAXIMUM  TEMPERATURE 
THERMAL  STRESSES 


VIEWGRAPH  3 
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BEARINGS 


SHAFT  SEALS 


•DATA  FOR  TRADEOFF  STUDIES 

POWER  LOSSES 

OPERATING  RANGES  (LOAD  AND 

LIFETIMES 

COST 

SPECIAL  REQUIREMENTS 

•TYPES 

ROLLING  CONTACT 
MAGNETIC 
HYDRODYNAMIC 
HYDROSTATIC 

'hybrid* 


VIEWGRAPH  5 


VACUUM  PUMPING 

•TRADEOFFS 

•SCHEMES 

OFFBOARD 

DISPLACEMENT  PUMPS 
TURBOMOLECULAR  PUMPS 
EXOTIC 


VIEWGRAPH  7 


speed) 


•TRADEOFFS 

•TYPES 

MECHANICAL  (SLIDING  CONTACT) 
FERROFLUIDIC 

"dynamic" 

HYDRODYNAMIC 


VIEWGRAPH  6 


CONTAINMENT 

•WHEEL  FAILURE  MODES 

COMPOSITE 

METAL 

•PARTICLE  PENETRATION 
•MOMENTUM  DUMPING 
•TEMPERATURE  EFFECTS 


VIEWGRAPH  8 
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POWER  CONDITIONING 


FAILURE  SENSORS 


•TRADEOFFS 

•dc/ac  (converters^  inverters) 

•ENERGY  BUDGETING 

•SYSTEM  OPTIMIZATION  (MECHANICAL/ELECTRICAL) 


•VACUUM 

LEAKAGE 

GAS  PULSE  FROM  WHEEL  FRACTURE 

•WHEEL 

SPALLATION 

FRACTURING 

UNBALANCE 

TEMPERATURE 

•BEARINGS 

VIBRATION 

TEMPERATURE 

SPECIFICS 


VIEWGRAPH  9 


VIEWGMPH  10 


VARIABLE-SPEED  TRANSMISSIONS 

•TRADEOFFS 

•FRICTIONAL  CONTACT 
•HYDRAULIC 

•V-BELT 

•EXOTIC 


MOTORS/GENERATORS 


VIEWGRAPH  11 


VIEWGRAPH  12 
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ABSTRACT 

The  development  of  low-cost,  brushless  rotating  machine  systems  with  high  broad 
band  efficiency  is  critical  for  the  production  of  effective  flywheel  modules  for  electric 
vehicles.  The  Charles  Stark  Draper  Laboratory  has  been  developing  a  variety  of  brushless 
machine  systems  which  appear  to  have  the  potential  for  both  low  cost  and  high  broad  band 
efficiency.  The  rotating  machines  utilized  in  these  systems  include  wound  rotor,  induc¬ 
tion,  inductor,  permanent  magnet,  and  special  purpose  machines.  The  converters  considered 
for  use  with  these  machines  include  D.C.  link  inverters,  phase  controlled  rectifiers, 
cycloconverters,  and  special  purpose  switching  system.  This  paper  will  review  work 
recently  and/or  currently  funded  at  the  Draper  Laboratory  in  the  flywheel  conversion  area 
by  NSF,  DOT,  and  NASA.  Emphasis  will  be  placed  on  several  unique  machine  concepts  devel¬ 
oped  at  the  Draper  Laboratory  for  flyhweel  application.  These  include  a  field  modulator 
inductor  motor  alternator,  an  optimum  slip  induction  motor,  and  a  permanent  magnet 
brushless  D.C.  motor  controlled  for  optimum  torque  angle.  The  results  of  experiments  and 
analytical  studies  indicated  that  these  approaches  result  in  both  overall  system  simpli¬ 
fication  and  cost  reduction  as  well  as  increasing  broad  band  efficiency. 


TEXT 


SUMMARY 


An  economic  need  has  been  generally 
recognized  for  systems  which  would  allow 
transient  storage  of  electrical  energy. 
Flywheel  energy  storage  is  a  potentially 
promising  solution  to  this  need.  It  is 
characterized  by  high  reliability,  long 
life,  and  low  cost  and  has  the  potential, 
with  proper  development,  of  storing  energy 
efficiently  a^  relatively  high  energy 
densities.  The  Draper  Laboratory  feels 
that  the  most  ^'fficult  problem  associated 
with  the  use  ofLflywheels  may  be  the  devel¬ 
opment  of  low-cost  electrical  conversion 
systems  at  suitable  power  densities.  These 
subsystems  require  state-of-the-art  advance¬ 
ment  to  make  flywheel  energy  storage  cost 
effective.  Flywheels  in  vehicle  applica¬ 
tions  require  special  emphasis  on  the 
conversion  system  because  of  the  typical 
power  and  energy  requirements  of  these 
applications. 

This  paper  describes  efforts  by  the 
Draper  Laboratory  (CSDL)  in  the  conceptual¬ 
ization  and  development  of  advanced  concept 
energy  conversion  systems  for  use  in  con¬ 
junction  with  flywheel  energy  storage. 


These  energy  conversion  studies  were 
directed  toward  the  utilization  of  fly¬ 
wheel  energy  storage  for  utility  load 
leveling  during  peak  power  periods,  storage 
for  alternate  energy  sources,  and  electric 
vehicles. 

The  Charles  Stark  Draper  Laboratory 
has  been  developing  a  variety  of  brushless 
machine  systems  suitable  for  flywheel  appli¬ 
cations  which  appear  to  have  the  potential 
for  both  low  cost  and  high  broad  band 
efficiency.  The  rotating  machines  consid¬ 
ered  for  these  systems  include  wound  rotor, 
induction,  inductor,  permanent  magnet,  and 
special  purpose  machines.  The  converters 
considered  for  use  with  these  machines 
include  D.C.  link  inverters,  phase  control¬ 
led  rectifiers,  cycloconverters,  and  special 
purpose  switching  systems.  Emphasis  will 
be  placed  on  several  unique  machine  con¬ 
cepts  developed  at  the  Draper  Laboratory 
for  flywheel  application.  These  include  a 
field  modulator  inductor  motor  alternator, 
an  optimum  slip  induction  motor,  and  a 
permanent  magnet  brushless  D.C.  motor  con¬ 
trolled  for  optimum  torque  angle. 
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SYSTEM  REQUIREMENTS 


In  order  to  evaluate  conversion 
system  alternatives  it  is  first  necessary 
to  develop  electrical  interface  require¬ 
ments  for  the  flywheel  storage  system 
which  would  allow  it  to  effectively  fulfill 
its  function  in  the  system.  Since  the 
function  of  the  flywheel  storage  system  is 
to  manage  power  flow,  the  flywheel  system 
could  perform  the  following  independent 
functions. 

1.  Long  term  power  averaging 

2.  Short  term  power  regulation 

Based  on  these  generalized  functions, 
a  detailed  set  of  subsystem  requirements 
was  generated  for  the  energy  conversion 
system  which  would  allow  interface  between 
the  flywheel  shaft  and  electrical  bus. 

The  subsystem  requirements  toward  which  con¬ 
version  system  developments  have  been 
directed  are  based  on  the  following  overall 
requirements  for  the  flywheel  conversion 


system: 

1. 

Handle  independently  controlled 
amounts  of  real  and  reactive  power 

2. 

Motor/generator  operation 

3. 

Interface  with  a  variable  speed 
shaft 

4. 

Provide  controlled  output 
frequency 

5. 

Power  factor  correcting 

6. 

Capable  of  running  in  either  a 
stand-alone  or  line-coupled  mode 

7. 

Provide  acceptable  output  wave¬ 
form  quality 

8. 

Cost  effective 

SUBSYSTEM  DEVELOPMENT 

The  Draper  Laboratory  has  reviewed 
existing  conversion  concepts  to  determine 
their  applicability  to  the  flywheel  storage 
conversion  problem.  Consideration  was 
given  to  the  following  classes  of  conver¬ 
sion  systems: 

1.  Variable  speed  mechanical  drives 

2.  Conventional  machines  coupled  with 
recti  fief/inverter  sets 

3.  Conventional  machines  and  cyclo¬ 
converters 


4.  Multiple  machines 

5.  Existing  special-purpose  conver¬ 
sion  systems 

After  reviewing  these  conventional 
approaches  to  the  conversion  problem,  it 
was  felt  that  all  had  enough  deficiencies 
when  compared  to  the  desired  subsystem 
requirements  to  warrant  the  development  of 
a  conversion  system  specifically  tailored 
to  this  application. 

Efforts  at  the  Laboratory  have  been 
directed  toward  the  development  and  evalua¬ 
tion  of  special  purpose  conversion  systems. 
This  development  may  be  summarized  as  follows 

1.  Rotating  machine/switching 
systems  have  been  defined  which 
appear  to  have  significant  advan¬ 
tages  over  conventional  approaches 
for  the  flywheel  application. 

2.  Rotating  machine  designs  have  been 
generated  to  satisfy  the  above 
conversion  systems. 

3.  A  novel  approach  to  computer 
modeling  the  rotating  machine  has 
been  taken  which  will  allow  quan¬ 
titative  evaluation  of  design 
alternatives. 

4.  The  control  equations  have  been 
generated  to  allow  the  conversion 
system  to  satisfy  the  overall 
flywheel  system  requirements. 


DEVELOPMENT  OF  OPTIMUM  BACK  EMF  DRAPER 
LABORATORY  FLYWHEEL  CONVERSION  SYTTor 

It  was  felt  that  an  alternative  to  the 
conventional  approaches  to  the  conversion 
problem  that  considered  all  of  the  system 
requirements  was  needed.  The  result  of 
this  study  was  a  conversion  system  which 
uses  a  special  purpose  machine  to  generate 
the  optimum  back  EMF  for  the  power  switch¬ 
ing  stage. 

Currently  efforts  at  the  Draper  Lab¬ 
oratory  are  being  directed  toward  the 
development  and  evaluation  of  this  special 
purpose  conversion  system.  However,  before 
beginning  a  detailed  description  of  this 
system,  some  general  discussion  seems 
warranted  regarding  the  philosophy  behind 
its  development.  The  conventional  approach 
to  this  type  of  conversion  problem  would  be 
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to  treat  it  as  two  separate  engineering 
tasks.  The  first  of  these  tasks  would  be 
to  select  a  conventional  rotating  machine. 

The  design  of  a  power  conditioning  stage 
to  interface  between  the  rotating  machine 
and  the  line  would  comprise  the  second 
task.  In  the  view  of  the  Draper  Laboratory 
the  proper  approach  to  this  problem  is  to 
consider  all  components  between  the  shaft 
and  the  electrical  line  as  a  single  system. 
This  integrated  approach  to  the  conversion 
problem  using  system  engineering  techniques 
results  in  substantial  system  level  advan¬ 
tages  compared  to  more  conventional 
approaches.  This  approach  uses  mathematical 
techniques,  combined  with  the  desired  sys¬ 
tem  requirements,  to  synthesize  an  optimum 
conversion  system  from  a  general  machine 
and  power  switching  model. 

The  CSDL  system  was  synthesized  so  as 
to  satisfy  the  engineering  requirements 
previously  stated  for  the  flywheel  conver¬ 
sion  system.  In  order  to  arrive  at  a 
system  which  uses  the  machine  and  SCR 
switches  more  efficiently,  the  following 
additional  requirements  were  imposed. 

CSDL  Approach.  Design  integrated  rotating 
machine  power  switching  system. 

System  Approach  to  Design  Includes  Genera¬ 
tor: 

Design  machine  so  that  its  generated 
voltage  will : 

1.  Drive  current  continuously  in  each 
of  its  phases  —  Improved 
Efficiency 

2.  Cause  zero  crossings  of  current  to 
be  coincident  with  SCR  switchings  — 
Lower  EMI 

3.  Utilize  output  impedance  of  machine 
to  limit  current  amplitude  for 
parallel  operation  —  Simplified 
Control  Schemes 

The  Draper  Laboratory  technique  uses 
waveform  requirements,  switching  character¬ 
istics,  and  machine  impedance  to  determine 
the  required  back  EMF  for  an  optimal  per- 
fofmance  defined  by  the  above  requirements. 
The  particular  analysis  that  follows  is  for 
two-phase  field  modulation  that  controls 
the  amplitude  and  phase  of  a  single-phase 
output  of  lower  frequency.  In  general, 
more  than  one  phase  at  the  generator  fre¬ 
quency  would  be  summed  to  reduce  the 
harmonic  content  of  the  lower  frequency 


output.  This  frequency  conversion  concept 
is  best  summarized  by  Fig.  1.  For  two 
phases  of  high  frequency  generation  con¬ 
verted  to  a  single  phase  of  lower  frequency, 
the  system  would  be  as  is  diagrammed  in 
Fig.  2. 

With  reference  to  Fig.  2,  the  1  sub¬ 
script  in  each  case  refers  to  the  voltage 
due  to  one  phase  of  the  field.  The  2  sub¬ 
script  refers  to  the  second  phase  of  the 
field.  The  two  fields  are  in  quadrature 
as  are  the  phase  A  and  phase  B  outputs. 

For  a  resistive  load,  it  turns  out  that 
the  modulation  signal  for  the  two  field 
phases  are  in  phase.  The  output  waveform 
for  different  power  factor  loads  are  shown 
in  Fig.'  3.  The  waveforms  in  Fig.  3  corres¬ 
pond  a  generator  with  two  stator  phases. 

To  more  easily  portray  the  concept,  the 
back  EMF's  drawn  are  for  the  case  when 
(f  /f.  )  =  <».  This  case  exists  if  the  out¬ 
put  is  D.C.,  for  which  no  modulation  is 
required,  or  is  approximately  true  when 
f  »fi  .  Although  the  technique  of  defining 
an  optimal  back  EMF  to  generate  a  given  out¬ 
put  waveform,  is  applicable  in  general,  it 
may  be  impractical  to  implement.  Resorting 
to  an  approximation  as  is  displayed  in 
Fig.  3  is  consistent  with  the  desired  sys¬ 
tem  operation  since  only  a  minor  amount  of 
harmonics  are  generated  by  the  approximation. 


OPTIMUM  SLIP  FREQUENCY.  VARIABLE  SPEED 
INDUCTION  MOTOR!  ) 

Background.  An  induction  motor  is  a  simple, 
rugged,  and  easily  driven  heavy  duty  motor. 
Traditionally  it  has  been  used  for  fixed  t 
speed  applications,  or  those  applications 
needing  a  limited  range  of  speed  control. 
Potentially,  it  is  capable  of  being  a  fuTl^ 
range,  variable  speed  motor,  and  in  many 
situations  may  be  a  more  cost  effective 
choice.  In  recent  years  induction  motors 
have  been  used  over  a  wider  speed  range, 
but  existing  speed  control  systems  still 
leave  a  lot  to  be  desired. 

The  Draper  Laboratory  is  developing 
concepts  for  state-of-the-art  improvements 
in  induction  motor  speed  control,  such  that 
an  induction  motor  can  be  used  e'fficiently 
at  all  speeds.  The  concepts  relate  to 
advances  in  electronics  and  thyristor 
switching  stage  for  use  with  a  heavy  duty 


f 

V  '"Full-Range,  Variable  Speed,  Linearized 
Induction  Motor  Controls",  W.  Curtiss, 

June  1,  1976. 
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SYSTEM  CONTROL  STRATEGY: 

SPECIFY  SO  ^HAT: 

4:p  v,f-r)=o,  i(Tr)=0 

b) TOTAL  CURRENT  FROM  n  PHASES  CONTAINS  NO  HARMONICS 
TYPICAL  SOLUTION: 

^g(u)^r*9) 

V,(T) 

TWO  PHASE  FIELD  SYSTEM 

Fig.  1  Conceptual  Development  of  Special 
Purpose  Flywheel  Conversion 
System 


Load""  fcENeRAioR 


Fig.  2  System  for  Two  Phases  of  High 

Frequency  Generation  Converted  to 
a  Single  Phase  of  Lower  Frequency 


Fig.  3  Two  Phase  System  Voltages 
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induction  motor.  New  pulse-width  modulation 
and  SCR  commutation  techniques  are  incor¬ 
porated  in  the  power  stage. 

Induction  Motor  Advantages.  An  induction 
motor  has  competitive  advantages  over  a 
brushless  permanent  (PM)  D.C.  motor  in 
several  situations;  namely, 

1.  More  rugged  -  no  demagnetization 
problems 

2.  Easily  driven  by  switching  sup¬ 
plies.  High  efficiency  switching 
supplies  can  more  easily  drive  an 
induction  motor,  because  the  high 
inductance  smooths  the  excitation. 

3.  Induction  motor  drive  require¬ 
ments  are  less  critical  as  induc¬ 
tion  motors  are  phase  insensitive. 

4.  For  wide  speed  range,  constant  or 
declining  torque  applications,  an 
induction  motor  can  be  driven  with 
minor  variations  in  voltage  supply. 
In  contrast,  the  voltage  supply 
for  a  PM  motor  must  increase 
linearly  with  speed  to  provide  a 
constant  torque. 

5.  In  high  speed,  low  torque  condi¬ 
tions  an  induction  motor  has  low 
losses,  whereas  a  conventional  PM 
motor  tends  to  have  high  magnetic 
drag  losses  at  high  speed  regard¬ 
less  of  torque  output.  Rotating 
the  back  iron  of  the  PM  motor, 
however,  reduces  this  advantage. 

Control  System.  The  control  system  uses 
a  closed  commutating  loop  for  slip  control, 
and  current  feedback  to  slave  the  amplitude 
of  the  smoothed  motor  excitation  current  to 
the  input  command.  Except  for  operation 
near  low  values  of  torque,  the  motor  slip 
would  be  fixed  by  the  commutation  loop  to 
optimize  some  predetermined  combination  of 
efficiency  and/or  torque  sensitivity. 

At  low  values  of  commanded  torque  the 
characteristics  of  both  the  commutating 
loop  and  current  command  are  modified  to 
linearize  the  input- to- torque  relationship 
and  provide  "glitch  free"  operation  through 
null.  The  linearization  is  accomplished 
by  holding  the.  stator  current  constant  and 
linearly  modulating  slip  with  the  command 
input. 

Figure  4  is  a  block  diagram  of  the 
linearized,  variable  speed  controller. 

The  input  command  controls  the  amplitude 


of  all  the  motor  excitations.  The  fre¬ 
quency  of  the  motor  excitations  is  slaved 
by  the  commutation  loop  to  be  a  controlled 
frequency  difference  higher  than  the  shaft 
speed  for  positive  torque,  and  a  controlled 
frequency  difference  lower  than  the  shaft 
speed  for  negative  torque.  The  frequency 
difference  is  picked  for  the  best  combina¬ 
tion  of  motor  efficiency  and/or  torque 
constant.  At  low  values  of  command  torque 
the  controller  is  linearized  by  holding 
the  current  constant,  and  making  the  fre¬ 
quency  difference  a  linear  function  of  the 
input  command.  Figure  5  is  a  sketch  of  the 
resulting  locus  of  torque  versus  slip  for 
several  excitation  amplitudes. 

This  commutation  loop  requires  an 
angle  transducer  to  sense  the  shaft  speed. 
Many  possible  angle  transducers  could  be 
used.  The  preferred  types  would  have  no 
electrical  connections  to  the  rotor: 
possibilities  include  optical,  reluctance, 
magnetostrictive,  and  magnetostrictive 
transducers. 

The  commutation  circuit  includes  two 
multiplying  functions: 

1.  The  shaft  frequency  and  command 
slip  frequency  must  be  mixed  to 
produce  the  stator  frequency, 
probably  in  a  single-sideband 
operation. 

2.  The  stator  signals  must  be  ampli¬ 
tude  modulated  by  the  input 
command. 

OPTIMUM  TORQUE  ANGLE  D.C.  BRUSHLESS  MOTOR 
COMMUTATION 

This  section  provides  a  brief  summary 
of  brushless  D.C.  motor  commutation  tech¬ 
niques  for  polyphase  machines.  Only  linear 
first  order  effects  of  the  machine  will  be 
treated  and  these  will  be  described  on  the 
basis  of  the  machines  equivalent  electrical 
circuit. 

To  provide  a  basis  for  discussing 
brushless  commutation  techniques  as  well  as 
the  so-called  optimum  torque  angle  drive, 
the  equivalent  electrical  circuit  in  Fig.  6 
will  be  developed. 
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Fig.  4  Full-Range,  Variable  Speed, 

Linearized,  Induction  Motor  Control¬ 
ler  With  Closed  Loop  Slip  Control 


Fig.  5  Induction  Motor  Torque  vs  Slip 


eg  =  Ey^sin(n(jOfj,t+f) 

O— 


Fig.  6  Equivalent  Electrical  Schematic 
of  One  Phase  of  a  Polyphase  D.C. 
Motor 


where  u  mechanical  frequency 
m 

n  half  the  number  of  machine  poles 

e^  stator  applied  voltage 

ig  stator  current 

The  current  which  flows  in  the  stator  wind¬ 
ing  is  i  and  can  be  written  as  Isin 
(nut+e)  ^here  the  value  of  I  is  dependent 
on  the  motor  parameters.  For  a  given  value 
of  I,  maximum  mechanical  power  delivered  by 
the  motor  will  be  obtained  when  the  phase 
difference,  0,  between  i  and  eorup  is 
zero.  Since  the  ratio  of  delivered  power 
to  losses  will  be  maximized  for  this  value 
of  0,  the  efficiency  will  be  maximized. 

Motor  torque  is  by  definition  the  mechanical 
power  divided  by  the  rotation  rate  and  is 
3asily  derived  using  the  above  discussion. 

Now,  since  the  BEMF  leads  the  rotor 
field  by  90°  and  since  the  stator  field  is 
in  phase  with  the  stator  current,  the  torque 
angle  which  is  defined  as  the  angle  between 
these  two  fields  is  at  its  optimum  value  of 
90°.  The  optimum  torque  angle  drive  tech¬ 
nique  is  therefore  reduced  to  the  require¬ 
ment  of  driving  a  stator  current  through 
the  stator  coils  so  that  the  BEMF  and  stator 
current  are  in  phase. 

To  provide  stator  current  at  the  proper 
phase  implies  having  an  excitation  which  is 
phase  locked  to  rotor  position.  This 
requirement  can  also  be  stated  as  the  neces¬ 
sity  of  providing  a  stator  current  whose 
amplitude  is  Isinn6  where  6  is  zero  when 
the  BEMF  is  zero.  The  net  result  of  either 
of  these  statements  is  that  a  position 
sensor  which  measures  the  relative  angle 
between  rotor  and  stator  must  be  provided. 

Position  sensing  can  be  provided  in  a 
number  of  ways.  Hall  devices  sensing, 
hopefully,  only  the  rotor  magnetic  field 
and  providing  an  output  which  is  E„  sin  nu^^t 
that  is  nominally  in  phase  with  BEMF  could 
with  proper  amplitude  and  power  scaling  be 
used  to  drive  the  stator  current.  Similarly 
a  resolver  with  same  number  of  poles  as  the 
motor  with  a  single  phase  excitation  (one 
by  two)  provides  an  output  on  one  secondary 
which  is  Ep  sin  W  .  sin  nw  t  which  when 
demonstrated  at  tng  excitatTon  frequency, 

Wex,  woul,d  provide  a  signal  KE  sin  nwt 
which  could  be  scaled  to  drive  the  stator 
current.  The  block  diagram  for  this  com¬ 
mutation  is  in  Fig.  7. 
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Fig.  7  Commutation  With  Continuous 
Angle  Encoding 


The  appropriately  shifted  multi -phase 
excitations  are  implied  in  Fig.  2.  A  volt¬ 
age  applied  at  V  in  Fig.  2  would  cause  a 
specific  rotational  rate;  it  is  therefore 
essentially  a  torque  command.  An  incre¬ 
mental  encoder,  such  as  an  optical  sensor, 
that  provides  a  pulsed  output  at  some 
multiple  of  mechanical  rate  could  be  used 
with  proper  conditioning  to  drive  stator 
current.  The  conditioning  would  include 
angle  interpolation  and  a  sin  n0  scaling 
and  would  require  that  the  output  be  locked 
to  a  zero  in  BEMF.  A  block  diagram  of  this 
system  is  in  Fig.  8. 


Fig.  8  Commutation  With  Incremental 
Encoding 


A  resolver  with  a  two  phase  excitation 
provides  a  somewhat  different  measure  of 
rotor  position  in  the  form  A  sin  (u  t+k9  ) 
where  k  is  the  resolver  speed.  The^^ngle*” 
information  can  be  extracted  from  this 
signal  by  sampling  at  a  multiple  of  the 
excitation  frequency.  A  convenient  method 
of  angle  extraction  is  with  a  phase  locked 
loop  sampled  at  the  excitation  frequency. 
The  extracted  angle  is  then  used  in  a  man¬ 
ner  similar  to  that  in  Fig.  8  to  provide  a 
stator  excitation  current.  This  complexity 
of  this  scheme  is  reduced  if  k  is  equal  to 
n  or  integrally  divisible  by  n. 

For  any  of  the  commutation  methods, 
there  are  many  electronics  methods  for 
signal  handling  such  as  pulse  position  or 
amplitude  multiplication  instead  of  linear 
multiplication.  It  was  not  the  intent  of 
this  summary,  however,  to  provide  a  cover¬ 
age  of  those  techniques,  but  rather  to 


provide  an  overview  of  brushless  commutation 
techniques  for  D.C.  motors.  Basic  angular 
sensing  methods  were  developed  along  with 
the  concept  of  optimum  torque  angle  drive. 

A  final  point  is  that  when  the  R/L 
break  frequency  of  the  motor  is  sufficiently 
above  the  maximum  expected  stator  excitation 
frequency  (nto  ),  a  voltage  source  can 
replace  the  sxator  current  source  since 
negligible  phase  shift  between  stator  cur¬ 
rent  and  voltage  will  be  introduced  because 
of  the  stator  impedance. 


COMPUTERIZED  DESIGN  OF  ROTATING  MACHINES  FOR 
FLYWHEEL  APPLICATIONS 


Background.  Generally,  the  design  of 
electric  machines  for  specialized  applica¬ 
tions  has  been  achieved  by  "cut  and  try" 
methods.  The  designer,  aiming  at  a  design 
which  will  meet  specific  requirements, 
bases  his  initial  design  on  past  experience, 
analyzes  the  performance  of  the  initial 
design  and  makes  changes  iteratively  until 
the  specifications  are  satisfied.  This 
approach  becomes  very  difficult  for  flywheel 
applications  because  of  the  unusual  design 
considerations. 

Although  digital  computers  have  been 
employed  for  many  years  in  the  area  of 
electrical -machine  design  with  few  excep¬ 
tions  these  computers  have  been  used  for 
design  analysis.  Design  analysis  represents 
the  determination  of  the  performance  of  a 
device,  given  the  designer's  estimate  of 
the  various  independent  parameters.  The 
designer  could  then  modify  his  estimates  in 
the  light  of  the  calculated  performance. 

The  program  being  developed  at  the  Draper 
Laboratory  differs  from  this  in  that  it 
would  be  capable  of  design  synthesis.  In 
design  synthesis  the  machine  parameters 
are  determined  from  the  performance  require¬ 
ments  utilizing  non-linear  programming 
techniques  and  a  detailed  machine  model. 

In  most  cases  performance  requirements  will 
not  uniquely  specify  a  machine  design.  In 
these  cases  non-linear  programming  tech¬ 
niques  may  be  applied  to  the  machine  model 
in  order  to  synthesize  an  optimum  design. 

An  optimum  design  is  one  where  some  figure 
of  merit  is  maximized  or  minimized;  typical 
figures  of  merit  would  include  torque/ 
weight,  efficiency,  material  cost,  etc. 

The  computer  approach  to  be  followed 
makes  it  possible  to  meet  unusual  perfor¬ 
mance  requirements,  where  experienced 
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designers  have  great  difficulty  using  more 
conventional  methods.  Whenever  a  design 
does  not  meet  all  the  requirements,  the 
computer  itself  can  find  out  what  correc¬ 
tive  action  is  to  be  taken,  without  this 
specifically  being  built  into  the  program. 

The  Model  for  the  Rotary  Machine.  Many 
different  parameters:  geometrical,  mag¬ 
netic,  mechanical,  electrical  outputs,  etc. 
are  necessary  to  describe  the  machine. 

Most  of  these  parameters,  because  of  their 
definition  and  the  nature  of  the  machine, 
are  interrelated,  and  therefore,  cannot  be 
treated  as  independent  quantities.  Others 
are  completely  specified  from  the  outset 
according  to  the  characteristics  desired  of 
the  machine.  Finally,  some  restrictions 
have  to  be  imposed  so  as  not  to  violate 
physical  limits,  such  as  stress,  thermal, 
and  magnetic  saturation,  that  would  prevent 
acceptable  machine  performance. 

All  these  internal  relations,  speci¬ 
fications  and  constraints  are  written  in 
the  form  of  mathematical  equations  in  terms 
of  the  basic  parameters  defining  the 
machine.  These  equations  are  catalogued 
according  to  their  origin,  as  geometrical, 
electrical,  magnetic,  thermal,  mechanical 
and  specified  inputs. 

Solution  of  Equation  Set.  Most  of  the 
equations  describing  the  system  are  non¬ 
linear  so  that  conventional  methods  for 
solving  systems  of  linear  equations  cannot 
be  used.  The  most  suitable  approach  seems 
to  be  the  use  of  the  multidimensional  form 
of  the  Newton-Raphson  equations  coupled 
with  successive  numerical  iterations. 

Initial  guesses  are  made  for  all  the 
unknown  parameters.  Reasonable  estimates 
result  in  a  realizable  system  otherwise  an 
iterative  procedure  results.  Since  the 
system  of  Newton-Raphson  equations  is 
linear,  every  numerical  iteration  requires 
the  solution  of  a  linear  system  of  equa¬ 
tions,  which  is  done  in  a  straight-forward 
manner. 

In  the  optimization  phase  of  the  prob¬ 
lem  the  task  is  to  obtain  a  design  having 
a  minimum  figure  of  merit.  For  this  study 
the  term  "figure  of  merit"  is  defined  as 
the  nearness  of  a  design  to  an  optimum 
feature,  like  minimum  material  cost,  mini¬ 
mum  weight  or  maximum  efficiency.  Opti¬ 
mization  in  the  design  of  electrical 
machines  has  been  approached  as  a  problem 
in  non-linear  programming.  The  prescribed 


figure  of  merit  of  the  machine  is  minimized 
subject  to  constraints  like  temperature 
rise,  mechanical  stresses,  efficiency. 


CONCLUSIONS 

This  paper  has  covered  several  areas 
of  research  associated  with  flywheel  energy 
conversion  systems  that  are  currently  in 
process  at  the  Draper  Laboratory.  From 
these  studies,  the  Laboratory  believes  that 
the  most  difficult  technological  problem 
associated  with  the  use  of  flywheels  is  the 
development  of  light-weight,  low  cost 
electrical  conversion  systems  with  partic¬ 
ular  emphasis  on  low  cost.  Special  con¬ 
sideration  must  be  given  to  the  conversion 
systems  for  use  with  flywheels  in  vehicle 
applications  because  of  the  characteristic 
power  and  energy  requirements  of  these 
applications.  Although  some  research  has 
been  funded  in  this  area,  it  is  our  impres¬ 
sion  that  no  consensus  exists  among  the 
major  sponsoring  agencies  regarding  the 
need  for  research  in  this  area.  The  Draper 
Laboratory  feels  that  it  is  essential  to 
the  success  of  the  Flywheel  Program  that 
research  on  systems  of  advanced  machines 
and  converters  be  expanded  significantly. 
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ABSTRACT 


Hydrostatic  power  transmission  has  been  disadvantaged  until  now  by  unacceptable 
noise,  high  relative  cost,  poor  part-load  efficiencies,  low  power/weight  ratio,  and 
bulky  control  ancillaries.  Eight  years  of  fundamental  research  and  composite 
development  covering  fourteen  problem  areas  primarily  to  achieve  characteristics 
complementary  to  an  energy  storage  flywheel  have  resulted  in  a  hydraulic  piAinp  and 
identical  motor  of  unusual  capability,  perfomance,  ease  of  manufacture,  and  above  all, 
controllability  by  virtue  of  a  modular,  programmable,  hydro-computing  element,  inserted 
within  the  piunp/motor  casing,  and  replacing  all  the  usual  control  impedimentia, 
excepting  the  operators  command  transmitter.  Extremely  low  zero-load  running  losses^ 
in  continuous  200^  overspeed  operation,  advantage  applicability  to  flywheel  energy 
systems  as  does  its  reciprocal  capability  as  a  motor  which  will  accept  hydraulic  power 
and  transmute  it  into  rotary  flywheel  energy  or  which  will  serve  as  vehicle  wheel¬ 
driving  motor  offering  real  time  individual  wheelslip  control  whether  accelerating  or 
being  used  as  a  hydraulic  retarder.  It  can  operate  entirely  without  bulky  and  costly 

ancillary  equipments  such  as  pressure  relief  valves,  filters,  heat  exchangers  and  system 
control  valves.  Its  power  rating  can  be  stretched  almost  100%,  its  operating  speed 
range  300%  and  its  life  expectancy  1200%  without  production  change  other  than  materials 
specification.  Yet  perhaps  its  most  outstanding  characteristic  is  its  simple  smoothly 
modulated  instantly  responsive  control. 

PREFACE 

In  another  paper^  presented  in  this 
symposium,  we  have  discussed  a  high  energy 
accumulator  in  which  a  storage  flywheel 
is  associated  with  a  specially  developed 
ptimp.  But  although  the  acciunulator  is 
a  complete  product  in  its  own  right,  it 
is  only  half  the  story  in  any  applicat¬ 
ion  of  flywheel  energy  to  a  vehicle  or 
other  mechanism  which  might  be  powered 
by  rotary  motor  output.  This  paper 
describes  development  of  the  special 
characteristics  necessary,  to  achieve 
functioning  and  performance  complement¬ 
ary  to  storage  flywheel  operation  and 
to  application  in  a  vehicle  as  automatic 
power  transmission  which  with  the  power 
unit  or  rmits  and  controls  form  an 
integrated  propulsion  system. 

THE  CCMMISSIOJAL  BRIEF 

As  no  hydraulic  power  pump 
existed,  or  was  in  prospect,  which 
could  in  any  way  operate  in  function 
complementary  to  a  storage  flywheel,  a 


specification  was  drawn  up  of  indispens¬ 
able  and  expedient  characteristics  which 
appeared  feasible  and  could  serve  as  a 
commissional  brief. 

What  was  required  was  a  vertical 
axis  variable  pump  having  the  following 
characteristics; 

(1)  consistent  operation  within  the 
200%  overspeed  range  above  rated  power 
speed  at  rated  power  or  less. 

(2)  ultra-low  rotation  drag  loss  in 
zero-load  running  at  200%  over speed  or 
less. 

(3)  mechanically  and  hydraulically  quiet 
running  and  pulseless  intake  and  delivery 

(4)  high  mechnical  and  hydraulic  power 
transmutation  efficiencies  whether  pump¬ 
ing  or  motoring. 

(5)  as  a  motor, displacement  must  go  over¬ 
center  for  reverse  driving. 

(6)  wholly  internal  all-hydraulic  control 
system  with  data  processing  capability 
which  will  operate  in  harmony  with  other 
similarly  equipped  elements  of  a  complex, 
as  an  intigrated  system  exercising  perfect 
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control  inodulatio!::^.  and  response# 

(7)  optinnm  commonality  between 
pumps,  motors  and  pump/motors,  vertical 
or  horizontal  axes,  and  right  or  left 
handed  rotation# 

(8)  high  power/weight  and  power 
ratios. 

(9)  low  cost  per  horsepower  rated 
thraput  or  per  torque  unit# 

(10)  minimal  or  zero  dependence  on 
external  ancilleriesj  e#g#  circulation 
filters,  pressure  relief  valves,  oil 
heat  exchangers,  actuators,  etc# 

(11)  simple  installation;  all  hydraulic 
connections  into  manifold  facing  on  pump 
(top)  end  opposite  driving  end#  Drive- 
shaft  to  be  only  mechanical  connection# 
Smooth  exterior  devoid  of  screws  and 
flanges# 

(12)  pump/motor  to  be  stretchable  in 
power  rating  and/or  life  expectancy 
merely  by  changing  materials  and 
treatments  of  basic  design# 

Xl3)  eschewing  empirical  factors, 
design  principles  to  be  based  on 
logical  variation  of  accepted  engineer¬ 
ing  practices,  so  reducing  development 
costs  of  a  range  or  family  of  pumps  and 
motors. 

Unfortunately  no  established 
hydraulics  manufacturer  would  accept 
what  they  considered  to  be  an  "impossible” 
COTunission,  so  it  landed  back  in  our  own 
project  office# 

HISTORICAL  RESEARCH 

Unfortunately  one  must  pass  over 
the  capable  work  of  ThoJSia  and  Hele— Shaw 
and  go  back  to  Williams- Janney,  1907,  for 
logical  precepts  applied  to  a  ported 
axial  primp,  Instead  of  a  melange  of 
inconsistent  empirical  factors# 

Thoma*s  fixed  displacement  bent- 
axis  ptamp  is  a  real  gem,  but  the 
variable  displacement  development  is  a 
real  Rube,  but  no  ruby#  The  Williams- 
Jauiney  variable  design,  with  no  notable 
improvement,  is  still  being  manufactured 
for  marine  application,  offering  a 
dependability  and  reliability  not  found 
in  modern  slipper-pad  pumps# 

MARKET  RESEARCH 

Market  research  showed  there  was  real 
need,  outside  of  the  low  power  bracket, 
for  a  pxamp  embodying  many  of  the 
characteristics  in  our  commissional 
brief,  but  more  importantly,  automotive 
hydrostatic  transmission  was  awaiting  the 
viability  of  just  such  characteristics# 


This  provided  our  first  go-ahead  decision 
point# 

FEASIBILITY  STUDY 

This  pinpointed  the  problem  areas  in 
which  normal  pump  design  was  deficient,  and 
the  study  areas  for  which  classic  engineer¬ 
ing  and  commercial  solutions  had  to  be  found# 
These  were: 

1)  Compatible  working  fluids 

2)  Filtration  -  necessity  or  fetish? 

3)  Internal  hydrodynamic  "churning"  losses 

4)  Manufacturing  precisions  and  operating 
strain  distortions#  Rigidity  or 
conformability 

5)  Transmission  of  driving  torques  from 
or  to  the  mainshaft# 

6)  Transmission  of  driving  thrust  to  and 
from  the  pistons. 

7)  Cylinder  barrel :  the  costly  heart  of  a 
pximp# 

8)  Curbing  fluid-shear  losses  at  high 
rotational  speeds# 

9)  Portface  fluid-shear,  flutter  and  port 
area  control  by  clearance  modulation# 

10)  Port-flow  compatibilities. 

11)  Hydraulic  decompression  shock  and 
mechanical  noise. 

12)  Flow  ripple  and  pressure  pulsation. 

13)  Hydraulic  data  processing  and  actuating 
controls 

14)  Integration  of  problem  solutions  into  a 
commercially  acceptable  composite 
adaptable  to  both  high  and  low  volume 
production  techniques# 

15)  Elemental  commonality  and  integration 
of  complex  systems# 

16)  Materials  technology  as  affecting  life 
expectancy  and  cost  effectiveness# 

RESEARCHED  SOLUTIONS 

Each  of  the  above  areas  was  exhaustive¬ 
ly  studied  and  the  possible  solutions  short 
listed  to  those  most  suitable  to  production 
processes  and  communal  integration# 

COMPATIBLE  WORKING  FLUIDS 

Hydrocarbon  hydraulic  oils  are  like  a 
sponge,  absorbing  upwards  of  air  into 
solution  at  standard  temperature  and  pressure, 
more  at  higher  pressures,  and  will  release  this 
as  discrete  bubbles  at  any  sudden  pressure  drop 
within  the  pump  circulating  system#  This 
leads  to  premature  cavitation  and  subsequent 
pressure  hammer,  both  of  which  have  destructive 
effect# 

The  working  fluid  should  retain  minimal 
discrete  or  dissolved  gases  and,  needless  to 
say, must  also  be  non-corrosive  and  a  reason¬ 
able  lubricant;  such  as  Losorb  Silicone  for 
atmospheric  application  or  vacuum-stripped 
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Hydrocarbon  for  tvacuated  applications. 

An  hermetic  reservoir,  circuits  and 
sealed  systems  would  be  a  distinct 
advantage.  Surface  dissipation  should 
keep  the  reduced  waste  heat  with  45  G 
above  ambient. 

FILTRATION 

Axial  piston  pumps  are  notoriously 
sensitive  to  anything  less  than  perfect 
filtration  -  some  so  sensitive  that  just 
breathing  the  word  ”grit**  will  cause  them 
a  seizure.  I  just  am  not  a  believer  in 
hydraulic  circuit  full-flow  filtration  - 
suction  or  presstxred.  The  one  clogs, 
unless  regularly  serviced, with  results 
which  can  be  more  disastrous  than 
unfiltered  flow;  the  other  is  too  heavy, 
bulky  and  costly,  yet  never  100^  safe. 

The  aim  should  be  to  design  a  pump 
or  motor  which  will  digest  anything  which 
will  negotiate  the  induction  and  delivery 
passages  and  galleries  without  physically 
jamming  up  the  works.  The  advanced 
pump  under  discussion  must  be  so  designed 
that  by  a  change  of  material  specification 
toy  (lack  of)  filtration  requirement  can 
be  met.  Sensitive  flow  impedences  and 
bearing  surfaces  should  be  individually 
guarded  by  self-clearing  porous  elements. 

INTERNAL  CHURNING  LOSSES 

All  pumps  run  with  their  casings 
fvill  of  oil  (at  least  until  my  earlier 
published  work  seven  years  ago)  in  order 
to  damp  mechanical  and  hydraulic  noises 
and  to  ensure  adequate  lubrication. 

Any  internal  ullage  results  in  severe 
aeration  and  real  trouble,  but  even  with 
zero  ullage  hydrodynamic  ** churning” 
creates  a  resistance  drag  and  heat 
problem. 

The  only  answer,  for  a  pump 
particularly,  is  to  go  “dry  sump"  and 
scavenge  internal  leakage  oil  as  quickly 
as  possible;  or  go  further  and  evacuate 
the  air/oil  mist  as  well.  At  the  speeds 
entertained  for  the  energy  storage 
application,  oil  churning  would  waste 
literally  hundreds  of  horsepower  as 
embarrassing  heat.  As  regards  the  un¬ 
damped  mechanical  noises,  these  must  be 
eradicated  at  source. 

PRECISICMSs  RIGIDITY  VS.  CC^FQRMABILnY 

Pump  design  is  nonnally  based  on 
very  precise  relationships  within  a 
rigid  structure.  Unfoitunately  rigidity 
can  never  be  absolute,  depending  upon 
the  applied  load  relative  to  mass  and 


modulus.  Precision  also  is  relative,  and 
the  closer  it  approaches  absolute  the  more 
rapidly  do  manufacturing  costs  escalate 
according  to  inverse  cube  law. 

By  adopting  the  principle  of  flexible 
or  articulated  component  inter-relation¬ 
ships  in  association  with  comformable 
structuring,  the  precision  requirement  tod 
also  the  mass  modulus  (weight)  require¬ 
ment  can  both  be  reduced  by  an  order  of 
magnitude,  particularly  if  the  ancillary 
equipment  items  are  designed  as  insert able 
modular  sub-assemblies. 

As  example,  if  all  the  components 
connecting  the  upper  casing  assembly  to 
the  lower  case  assembly  are  articulated 
(e.g.  ball  ended  connecting  rods)  this 
seeming  extravagance  will  allow  of  very 
thin  and  flexible  casing  skirts  which 
if  compressively  prestressed  by  end-to- 
end  elastic  tie-rods  will  be  audio¬ 
frequency  stiffened  and  otherwise 
competent  so  long  as  the  displacement 
tilt -box  is  not  gimbal- j  oumalled  in  the 
casing  skirt. 

This  applies  to  all  component  inter¬ 
relationships  except  the  portface  which 
in  any  event  is  at  the  inter  -face  between 
the  only  two  deep  sectioned  masses,  the 
cylinder  block  and  the  casing  head.  The 
cylinder  sleeves  float  in  the  block,  the 
short  pistons  in  the  sleeves,  the  con- 
rods  in  the  pistons  and  to  the  swash- 
plate  which  floats  in  the  tilt-box  which 
floats  on  rockers  in  a  rocker  journal 
which  floats  in  the  lower  half  casing. 

The  mainshaft  also  is  spherically 
journalled  in  upper  and  lower  casings 
and  employs  a  floating  link  drive  to  the 
swash  plate,  so  is  free  to  bend  or  run 
misaligned  without  ill  effect.  As  a 
result  no  spigot  or  dowel  location  6r 
bolting  flange  is  required  at  the  inter- 
casing  joint  face, Sind  casing  skirt 
sectional  thickness  is  foundry  determined. 

TRANSMISSICTl  OF  DRIVINa  TORQUE 

In  most  axial  pumps  the  drive  from 
the  mainshaft  is  through  the  attached 
cylinder  barrel  via  the  pistons,  the 
cantilevered  ends  of  which  carry 
articulated  slipper-pads  which  apply  the 
loads  to  an  angled  swash-plate.  Load 
reaction  and  friction,  of  that  part  of 
the  piston  remaining  in  the  cylinder,  is 
enormous.  At  high  loads  and  swash 
angles  the  leveragefrictions  and  the 
bending  of  the  pistons  provide  a  definite 
limitation  to  torque  and  horsepower  trans¬ 
mitted.  What  is  more  the  cylinder  barrel 
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is  tipped  over  at  the  port -face  causing 
wear  at  the  contact  edge  and  pressure 
leakage  at  the  open  edge. 

Driving  direct  from  the  mainshaft 
to  a  tiltable  rotating  swash-plate 
overcomes  all  these  deficiencies. 
Williams-Janney  did  it  with  double- 
Hookers  gimbal  with  limited  angle  of 
tilt,  Hele-Shaw  with  spherical  ball 
universal  with  torque  Brinelling 
limitation.  We  opt  for  a  spider-link 
universal  Fig.  1  and  Fig.  2,  allowing 
not  only  high  torque  and  large  tilt 
angle  but  tying  the  swash-plate  radially 
to  the  mainshaft  yet  allowing  it  free 
axial  float  and  tilt 


But  the  piston  pressure  loads,  acting 
on  the  tilted  swash-plate,  generate  a 
combined  lateral  component, effective 
as  torque  at  a  mean  0.707  of  active  radius, 
whereas  the  entire  lateral  load  must  be 
located,  in  a  slipper-pad  pump  by  the 
shaft  via  the  cylinder  barrell  and  the 
extended  pistons,  in  our  case  directly 
by  the  mainshaft  which  can  bend  to  the 
strain  without  affecting  the  cylinder 
barrel  in  which  is  rotated  in  synchro¬ 
nism  by  three  resilient  fingers. 

At  large  angles  of  tilt,  the  geometry 
corrections  to  improve  compliance  and  life 
of  the  spherical  link  joints  cause  a  slight 
epitrochoidal  variation  from  true  con¬ 
centric  rotation  of  the  swashplate,  but 
its  only  effect  is  the  inertia  harmonic 
transmitted  by  the  “tight “  links  to  the 
mainshaft . 

The  calculated  efficiency  loss  of  this 
tiniversal  drive  was  0.75^;  proved  in  tests 
as  0.36%  using  off-the-shelf  Unibal 
joints  instead  of  the  intended  Tungsten 
carbide/cast  iron/niolybdenum  flashed) 
joints.  These  are  a  press/adhesive  fit 
in  the  light  alloy  swashplate  and  in  the 
cast  lugs  of  the  modular  iron  mainshaft, 
the  drive  pin  through  each  joint  ball 
being  connected  by  a  parallel  pair  of 
strain-compensating  links  to  the  comple¬ 
mentary  joint  pin  as  a  closed  loop. 

TRAHSMISSiai  OF  DRIVE  THRUST 

As  there  is  no  to37que  transmission 
between  cylinder  block  and  swashplate,  the 
pistons  can  be  short  light -alloy  die- 
castings  Fig.  3  thrusting  via  ball  ended 
connecting  rods  to  the  rotative  swash- 


ffwashpl?rte 


opan-C  drive  link  (3) 

Pig.  t,phlvers&l  Spider  Prl^qj 
open  llnks^. 
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The  piston/con-rod  compliance  never 
exceeds  2  angle  whereas  the  con-rod/ 
swashplate  compliance  approximates  to  the 
tilt  angle  and  is  accommodated  by 
standard  Glacier  DX  cup  and  truncated 
cap  lubricated  and  semi-floated  by 
cylinder  pressure  transmitted  via  the 
drilled  connecting  rod. 

The  angle-contact  paralleled 
thrust  bearings  shown  in  Fig.  2  have 
given  way  to  an  all-hydrostatic  thrust 
pad  arrangement  which  has  the  advantage 
of  ^floating**  any  tilt-box  distortion 
and  of  being  retractile  to  reduce  shear-, 
drag  at  low  piston  thrust  loads.  Th^st 
compliance  and  support  efficiency  losses 
amount  to  0*655^  using  Carbon  steel 
connecting  rods,  unplated. 


CYLINDER  BARREL 

Normally  the  most  expensive  part  of  a 
pump,  and  having  the  highest  reject  percent 
scrap,  whether  the  cylinders  are  honed  in 
situ  or  pressed-in  liners,  the  repeated 
hydraulic  pressures  and  shock  waves  induce 
hoop  strains  which  can  lead  to  crazing  and 
break  up  of  the  bore  surface. 

We  have  developed  a  fully-floating  wet 
liner  Fig.  5  which,  being  subject  to  the 
same  pressures  outside  as  inside,  is  al¬ 
ways  in  some  degree  of  compression.  This 
allows  a  wide  choice  of  tensile-sensitive 
fabricated  cylinder  liners,  appropriate 
to  life  and  application,  e.g.  ceramic  or 
iron  sinters,  cast  white  irons,  or  low 
cost  cold-extruded  finished  steel  tubular 
sleeves. 


The  tilt-box  is  supported  on  a 
pair  of  rocker  journals  which  are  hydrostw 
atically  floated  in  a  turret  assembly 
Fig#  4  itself  floated  in  the  lower  half 
casing  so  that  it  can  be  rotated  the 
few  degrees  necessary  for  port-face 
control  of  decompression  energy  as  later 
discussed#  Tilt-box  rocking  actuation 
for  displacement  control  is  effected 
by  a  parallel  pair  of  cylinder/piston 
/con-rod  assemblies  identical  to  the 
pumping^  assemblies  but  having  the 
cylinders  inserted  in  the  upper 
cjiijyis.#^.... 


Cyl,  Port  Plate. 

Resilient  Support 
0  -  Ring 


By-pass  Groove 


Cyl.  Block 


^et  Liner- 


Porous  Sintered 
Plug.  In  Piston 
Crown 


Cemented 
Collets _ 


Con-Rod 


Pig.A.  Ploatlng  Sleeve  Cylinder 


The  ”as-cast**  cylinder  barrel  is  assembl¬ 
ed  to  the  port-plate  with  the  0-ring  floated 
liners  entrapped  within  the  rough  bores,  and 
is  located  and  secured  by  a  circlip  and  a 
filler  adhesive.  The  only  metal  removal 
would  be  on  the  dynamic  balancing  rig# 
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Apart  from  the  production  and  life 
advantages,  the  pressure  floated  sleeves 
are  perhaps  more  important  operationally, 
as  they  are  not  subject  to  hoop  strain 
expansion  by  the  pressures  trithin  the 
cylinder  and  therefore  to  the  clearance 
cubed  leakage  law.  On  the  contrary 
they  can  be  designed  to  close  up  under 
pressure  so  that  leakage  is  neither 
pressure  related  nor  a  function  of 
piston  length. 

Although  the  high-alumina  ceramic 
sleeves,  in  association  with  plasma- 
sprayed  hard  coat  pistons,  were  intend¬ 
ed  primarily  for  infinite  life 
applications,  their  inertness  to  fire 
resistant  or  non-flam  hydraulic  fluids 
is  opening  up  new  avenues  of 
application  activity. 

The  6^^  radial  splay  of  the 
cylinder  is  a  convenient  way  of  accommod¬ 
ating  the  optlnum  port face  diameter  to 
the  most  effective  swashplate  socket -circle 
diameter  for  the  connecting  rods,  but  it 
has  minor  advantages  in  that  the 
centrifugal  component  of  the  splay  angle 
reduces  piston  pull-out  forces  and  assists 
the  fluid  flow  into  the  cylinders  during 
the  Intake  stroke. 

CURBING  FLUID  SHEAR  LOSSES 

Having  come  to  the  conclusion  that 
ball  bearings  were  too  noisy  and  put 
an  effective  limit  on  pump  performance 
and  therefore  on  rating  "stretch”,  also 
that  roller  bearing  thcug]^'  less  noisy 
were  at  a  disadvantage  in  overspeed 
running,  it  became  necessary  to  find 
ways  of  reducing  the  film-shear  drag 
of  fluid  film  bearings  and  raising 
the  frequency  response  without 
affecting  the  excellent  noise  damping 
characteristic. 

Hydrodynamic  bearings  were  found 
unsuitable  in  several  areas,  so 
hydrostatic  bearings  were  chosen,  and 
researched  in  great  depth  to  minimise 
both  shear  and  circulating  eddy  losses 
and  to  reduce  the  pressure-leakage 
power.  Hydrostatic  journal  bearings 
posed  a  greater  problem  than  thrust 
bearings  and  so  were  treated  separately, 
but  the  biggest  problem  was  the  portface 
which  being  rateless  would  not  respond 
to  any  direct  ajpli cation  of  the 
hydrostatic  art. 

Portface  Shear  Drag  This  is  a 
function  of  shearing  surface  area  of 
the  sealing  lands,  the  mean  operating 
radius,  differential  surface  speed, 


and  the  running  clearance.  Having 
optimised  the  portface  dimensions,  and 
being  required  to  maintain  the  wide  over¬ 
speed  range,  we  could  only  work  on  the 
running  clearance. 

Portface  Clearance  Control  At  high  pump¬ 
ing  pressures,  prevention  of  port-face 
leakage  demand  a  close  precise  running 
clearance,  allowing  only  sufficient 
leakage  across  the  lands  to  flush  away 
the  shear  heat-quite  considerable  for 
a  largish  pump  running  at  really  high 
revolutions.  At  lower  pressures  the 
same  clearance  would  not  allow  enough 
flushing  leakage  to  prevent  a  hot  spot 
or  worse,  when  running  "free”.  We 
therefore  contrived  a  floating  counter¬ 
thrust  arrangement  Fig.  6  whereby  the 
clearance  varies  inversely  with  pressure 
and  in  fact  at  very  low  pressures  or 
"free”  running,  it  opens  a  bit  extra  to 
reduce  the  shear  loss  to  negligible 
nroDortions. 


Flg.6.  Port-Face  Counterbalance  and  Clearance  Modulation. 


In  any  normal  pump,  the  port  sizes 
are  very  definitely  limited  by  the 
hydraulic  forces  holding  the  port-face  in 
b€tlance.  The  contrived  counter-thrust 
provides  sufficient  control  over  these 
forces  to  allow  doubling  or  trebling  the 
port  areas  as  may  be  necessary  to  prevent 
induction  cavitation  at  the  flow  rates 
consonant  with  a  large  power  throughput. 
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Shear  Drag  Ad 

discussed  earlier,  the  floating  ambience 
cylinder  sleeve  allows  an  inversion  of 
normal  practice,  in  that  we  can  start 
with  a  generous  sliding  clearance  which 
closes  up  with  pressure  to  reduce 
leakage  and  shear  drag  in  a  controlled 
manner. 

Hydrostatic  Thrust  Bearings  Primarily 
the  portface  counter-thrust  and  the 
swashplate  thrust  support  bearing, 
which  posed  different  problems.  The 
former  being  a  continuous  annular 
arrangement  was  difficult  in  that  it 
demanded  30  k  Hertz  response  with 
minimal  leakage  from  the  working 
pressure  bleed  supply  and  was  achieved 
by  triple  phased, impedances  with  the 
float  pressure  taken  after  the  first 
stage.  This  was  so  successful  that 
a  similar  arrangement  was  adopted  for 
the  swashplate  support  bearing  though 
initially  this  is  fragmented  into 
10  floating  circular  pads,  five  on  the 
intake  semicircle  and  five  on  the  delivery 
side,  three  on  each  side  being  retractile 
at  low  pressures  to  reduce  no-load  shear 
drag;  but  these  will  later  be  replaced 
by  a  pair  of  semicircular  pads  having 
lower  overall  drag. 

Hydrostatic  Journal  Bearings 

Primarily  the  portplate  sleeve- 
shaft  jiixtaposed  journal  pair,  and  the 
mainshaft  spherical  main  journal  bearings, 
the  shear  drag  of  the  former  has  been 
reduced  mainly  by  tailoring  the  land 
running  clearances  inversely  as  and  the 

widths  directly  as  the  maximum 
operating  pressure  drop  across  the  lands. 
The  spherical  main  bearing  Fig.  7  has  been 
similarly  treated  but  the  greater  diametral 
surface  speed  generated  severe  eddy  current 
losses  now  controlled  by  chevron  bar  lands 
and  recirculating  perimeter  channels. 

Each  bearing  has  only  three  unequal  pad 
areas  as  the  loadings  are  unidirectional. 


PQRT-^FLQW  CCMPATIBILHIES 

Because  the  pistons  induce  axially, 
most  other  pump  port  galleries  have 
axial  entry.  Unfortunately,  in  any  pump 
and  particularly  in  a  high  speed  pump, 
the  passing  speed  of  the  cylinder  ports 
around  the  port— face  Fig  8  can  be  a  whole 
order  of  magnitude  greater  than  the  axial 
velocities,  resulting  in  spill-wave 
formations  which  deflect,  and  can  effective¬ 
ly  choke,  the  axial  flows  into  the 
following  cylinder,  causing  disastrious 
cavitations. 


Suction  Intake 


TOC 


He 


Hatio 


Port  Passing  Velocity 


Va 


2TrRN 


lOo} 


Diffuse Intake  Velocity 
p  =  Swash  Plate  Angle  A  *  Diffusion  Factor 

Pig* 8.  Spill  Ware  Formation  Due  To  Velocity  Mismatch 

We  have  designed  the  portface  with 
tangential  inflows  accelerated  by  a 
convergent  gallery  to  the  mean  passing  speed 
of  the  cylinder  ports.  Fig.  9 

VABYDIC  SHAFT  SPEED  -  FUED  SWASH  ANCLE 


P\G  ^  vet  6C I  TV  AT  FiXEO.  ttSPtACEMEHT 

COHVeO&Er^CE. 

However,  to  cater  for  wide  variation 
of  flow  at  constant  speed,  or  wide  ranges 
of  speed  at  constant  flow,  even  this  Ih  not 
enough.  It  has  been  necesssuy  to  develop 


Feed 

Impedance 


Developed  Vie*  of*  Half  ShsU  a  portface  with  internal  supercirculation. 


Fig.?.  Spherical  Hijrdrostatio  Main  Journal  Bearing^ 

-  - - ’’Tk  - ~  - - - 


forced  hy  the  passing  cylinder  ports,  and 
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amplified  by  a  controlled  vortex. 

Fig.  10  shows  this  for  the  overspeed 
case  with  positive  supercirculation 

”  >  VARYir^rr  SHAFT  SrEET)  ~  VyviNrr  ?7VASH  i^GLg 

(ne^  maximum)  (near  miaimuBjJ  "* 


column  in  the  port-tract,  aided  by  the 
centrifugal  pressure  generated  by  the 
super circulating  flow  in  the  arcuate 
port -face  gallery  * 

DECOMPRESSION  SHOCK  ANU  NOISE : 


Br>r: 


supercirculation 


convergence 


BDC 


1 

1 

^  1 

i 

n 

■ 

1  P  ^  ^  ^  Ej 

When  each  piston  completes  its  -pumping 

stroke  at  top-dead-centre,  and  its 

cylinder  port  passes  from 
the  pressure  portface,  across 
the  sealing  land  to  the  intake 
portface,  the  residual  pocket 
of  high  pressure  oil  is  released 
into  the  intake  with  a  resound¬ 
ing  shock-front  which  is  difficult 
to  control  at  differing  flow  rates 
and  passing  speeds.  Conversely 
when  passing  across  bottom  dead 

centre  the  cylinder  full  of  low 


A  5  Venturi-Accelerated  Plow  Factor 
S  =  Supercirculation  Cain  (Auto-Variable) 


where  > AV,  5 


Velocity  Match  by  Supercirculation  at  Low  Angles 


and  Fig.  11  for  under  speed  “negative 
gain". 

VARYIWC  SHAFT  SPEED  -  VARYIWC  SWASH  AWCLS 
(Shown  Minimum)  (Shown  Maximum) 


in  communication  with  the  pres¬ 
surised  portface,  and  an  even 
greater  shock-wave  will  enter  the 
cylinder,  travel  down  it  and 
hammer  the  piston  and  cylinder 
walls.  This  is  the  reason  for 
the  peculiar  shape  of  the  piston 
crown  Fig.  3  adopted  as  a  result 
of  experience  of  high-energy-rate 
explosive  forming. 


Motor  or  ’PLYDRAULIC*  Pump  where  V2<A.V,  S 
S  *  Retarded  Circulation  Factor  (Auto  Variable) 


21j5»lLr  Velocity  Match  by  Retarded  Circulation  at  High 
^  I  Pieplacement  ^glea*  . 

The  internal  profile  has  a  self-polishing 
fluidized-bed  deposited  finish. 

Radial  Splay  of  Cylinder  Port-tracts 

Even  with  the  large  cylinder-ports, 
the  acceleration  of  the  oil  into  and  through 
the  port-tracts  might  need  to  be  greater 
than  can  be  effedted  by  the  residual 
absolute  Intake  pressure.  Splaying  of  the 
port-tracts  provides  a  centrifugal 
component  acting  to  accelerate  the  oil 


A  simple  but  effective  way  of 
dissipating  this  pent-up  pressure  energy 
is  to  "bleed”  the  dead-centre  sealing  land 
via  a  porous  impedance  which  will  allow 
fluid  to  pass,  but  not  a  shock-wave,  so 
that  there  is  no  pressure  differential 
when  the  cylinder  port  reaches  the  next 
portface  area.  Unfortunately  the  pent 
energy  is  wasted  by  this  ploy. 

A  more  efficient  arrangement  is  to 
adjust  the  port-face  timing  so  that 
opening  to  the  next  portface  area  is 
delayed  beyond  top  dead  centre  until 
the  piston  has  retreated  (been  forced  ■ 
back)  until  the  compressed  oil  has 
expanded  to  intake  pressure,  or 
conversely  delayed  beyond  bottom  dead 
centre  until  the  piston  has  advanced  far 
enough  to  pre-compress  the  cylinderful 
of  fluid  to  delivery  pressure. 

This  has  long  been  recognised  as 
difficult  of  achievement,  but  is^  now 
effected  quite  simply  by  rotating  the 
tilt -box.  rocker  turret  to  the 
appropriate  lag  angle,  automatically, 
manually  or  by  preadjustment  dependent 
upon  application. 
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FLOW  RIPPLE  AND  PRESSURE  PULSATION 

Every  piston  pump  has  a  volumetric 
variation,  dependent  upon  the  number  of 
cylinders  and  their  displacement. 

The  result  of  this  flow  ripple  in 
a  “hard”  hydraulic  circuit  (as  distinct 
from  a  spongy  one)  is  a  pressure 
pulsation  the  amplitude  of  which  increases 
with  “hardness”  to  destructive  proportions. 
Adding  a  small  air/oil  accumulator  to  the 
circuit  will  serve  as  a  palliative  up 
to  choking  frequency,  a  line-damper 
“accumulator”  will  raise  the  safe  frequency 
of  the  closed  system  as  a  whole,  though  Iffis 
so  at  the  source  point. 


For  complex  operations  the  control 
system  can  be  nightmare,  like  a  well 
known  hydrostatic  transmission  for  light 
tractors,  where  the  pump  and  motor  are 
lost  within  a  whelter  of  links,  levers, 
cams,  cranks,  servos  and  other 
appendages • 

We  have  developed  a  small  computing 
valve  module.  Fig,  13  which  is  inserted 
into  a  cast  pocket  within  the  pump/motor 
unit,  and  serves  to  prescribe  all  the 
operational  functions  in  relation  to 
like-programmed  computing  valves  inserted 
in  the  pumps  or  motors  elsewhere  in  the 
system. 


For  frequencies  of  the  order  of  1500 
pulse  Hertz  (9  cylinders  at  10,000  RPM) 
it  becomes  obligatory  to  control  the  puls¬ 
ations  substantially  at  source  point. 

Even  less  appreciated  is  the  necessity 
to  control  the  Induced  pulsations  in  the 
intake  port  as  even  a  low  amplitude  can  be 
the  source  point  of  suction  cavitations. 
Fig.  12  shows  the  solution  to  the  problem, 
Incorporated  in  our  new  pump  design, a 
modular  air/oil  pulse  absorber.  Inserted 
into  a  cavity  galleried  with  one  port 
or  the  other  and  precharged  to  two  thirds 
of  the  limiting  pressure  above  and  below 
ambient  respectively. 


yig,i;||U  Pelirery  Ripple  Pulsation  Controller, 


HYDRAULIC  DATA  GOMPIITING  COOTROL 

Where  one  or  more  variable  pumps 
is  operating  in  association  with  one  or 
morevariable  hydraulic  motors,  the 
interrelationships  can  be  quite  complex, 
even  for  a  simple  duty  cycle. 


Except  for  the  operators  (driver* s) 
pedal  and  lever  control  inputs  Fig,  14 
(which  provide  fluid  pilot  signals), 
there  are  NO  mechanical  appendages  or 
interconnections  in  the  system,  only 
the  minimum  of  data  or  pilot-line 
connections  Ibeti^hen  the  pre¬ 
designated  master  valve  and -the  slaves. 
In  fact,  where  there  is  only  one  slave 
unit^  and  therefore  no  ambiguity  this 
minimum  can  be  zero  -  NONE . 
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Computing  module  being  inserted  into  upper  cas^Jig  joint  face. 


to  ooiBputlng  fflodule 


omputlng 

(motor) 


to  computing  module 
(pump) 


tHr 

punp  delivery 
feed-back 


drain  to 
tank 


Pedal  Connection 
iWuid  or  Pod) 


Opera  tor  *8  Command  Transducer* 


This  computing  valve,  with  up  to  8 
input/outputs,  can  handle  quite  complex 
operational  requirements.  The  most 
complex  application  so  far  considered  is 
for  a  kinetic  accumulator  boosted  vehicle 
transmission,  where  the  master  vsilve  in  the 
accusiulator  pump  resolves  and  controls  all 
but  two  of  the  19  operational  requirement 
functions,  even  including  the  mass  energy* 
summation  equation;  K  =  mV*  +  I 

in  the  regenerative  braking  and 
charging  modes.  Except  in  ^Neutral",  It 
controls  the  vehicle  engine  absolutely, 
ensuring  optimun  b.m.e.p.  in  all  regimes, 


and  it  provides  instantaneous  modulated 
response  to  operator  demand,  regardless 
of  engine  response  characteristic.  All 
this  and  much,  much  more,  with  a  charming 
simplicity. 

CC^OSITE  DESICaJ  INTEGRATION 

As  each  problem  solution  had  beeb 
selected  on  a  basis  of  interrelating 
compatibility,  their  integration  into 
a  composite  design  Fig.  15  did  not 
prove  difficult. 
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Of  course  they  would  not  necessarily 
all  be  incorporated  together,  but  it 
would  perhaps  be  cost  effective  for  the 
same  production  arrangement  to  allow 
this* 

For  example,  the  super circulating 
intake  gallery  Fig.  16  has  special 
relationships  to  flywheel  systems,  but 
equally  a  pump  so  equipped  could  be 
driven  from  a  higher  ancillary  drive 
gear  stage  of  a  gas  turbine;  or 
directly  by  a  high  speed  gasoline 
engine,  merely  by  programming  the 
hydro-computing  insert  to  the  appropriate 
speed  and  delivery  parameters.  Of  the 
pulsation  controllers  may  be  an 
application  luxury  and  the  cavities 
plugged. 


-  5uf=>z.eci£cuLArE!D  K  -.Moe.  speed 
PansL. 

CH^  OOTTEiEJ  -  RLiLSe.  CARSiJLE 


BsJL  O£i\/£LL0PMEJ\ir  or  suction  POkl 


Excepting  the  poi^  galleries 
in  the  upper  casing  all  casting  dies 
(or  alternative  sand  patterns)  can  be 
straight  drawn  and  will  accommodate 
alternative  materials  despite  differing 
shrinkage,  working  stresses  being 
calculated  to  the  lowest  factor.  The 
lowest  cost  cylinder  sleeves  are  from 
cold-extruded  carbon  steel  tube^with 
bores  immachined  but  ballized^and  cost 
a  few  cents  each,  whereas  at  the  other 
extreme  high-alumina  sleeves  cost  a 
few  dollars  each,  but  well  worth  it 
for  some  applications.  The  lowest 
cost  pistons  are  pressure  die  cast 
and  pushed  through  a  plain  broach  before 


anodizing,  those  at  the  other  extreme  are ' 
plasma  sprayed  complementary  to  the  cylinder 
sleeves. 

CCmC^ALITY  JM  GCMPLEX  SYSTEMS 

Pumps  and  motors  are  identical  except 
for  the  inserted  hydrocomputing  element  which 
determines  their  characteristics  and  except 
for  the  priming  mini-pump  which  is  not 
always  necessary.  Handing,  where  necessary, 
if  effected  when  machining  the  portface  and 
by  fitting  a  handed  priming  pump  if  required. 

Every  unit,  pump  or  motor,  generates  a 
pressure  signal  varying  the  square  of  speed 
and  this  provides  an  element  of  data  for 
computer  processing.  Another  data  element 
can  signal  displacement  tilt  angle. 

Modulation  of  return  line  pressure  will 
provide  further  data  which  together  with 
a  common  basic  response  to  the  system 
operating  pressure  provides  identical- 
twin  or  family  interrelationship  between 
any  number  of  units  programmed  to  similar 
basics.  Response  can  be  immediate  and 
sharp  or  allowed  a  fixed  or  proportioned 
time  rise. 

APPLYING  MATERIALS  TECHNOLOGY 

Although  this  pump  or  motor  is 
designed  for  low  cost  production  in  high 
or  low  volume,  and  the  basically  rated  unit 
utilises  low  cost  material  for  limited  life 
requirement,  we  have  established  that  it  is 
generally  more  cost-effective  to  increase 
rated  thruput  and  life  by  substituting 
better  but  more  expensive  materials 
treatments  and  finishes  within  the  same 
design  dimensions  and  on  the  same 
production  and  assembly  tools  and 
fixtures  than  to  have  to  design  develop, 
tool  up  and  provide  additional  spares 
holdings  for  a  larger  size  of  piimp  or  a 
more  closely  ppaced  range  of  pumps. 

The  basic  ”Lo”  rated  ptimp  can  be 
“stretched**  to  a  “Normal”  rating  40% 
higher,  or  further  to  **Hi”  rating 
80%  to  90%  higher;  alternatively  its 
operating  over speed  range  can  be 
**stretched*'  to  200%  higher,  all  with 
appropriate  life  ratings,  by  change  of 
materials  specification.  For  example, 
connecting  rods  can  be  carbon  steel, 
plated  Aluminium  or  Magnesium  alloys,  or 
Titanium  alloy,  depending  upon  operating 
pressures  and  overspeeds.  Cylinder  sleeve 
and  piston  alternatives  have  already  been 
mentioned;  as  have  casing  materials  which 
can  be  cast  iron  for  underground  applicat¬ 
ion,  high-damping  bronze  for  undersea, 
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Aluminium  for  normal  above  ground  use,  or 
Magnesium  for  ultra-quiet  or  ultra-light 
special  requirements,  all  from  the  same 
patterns  or  dies  without  shrinkage 
corrections.  The  port-tract  supercir- 
culating  centerbody  which  complicates 
castings  is  being  developed  as  an 
optional  insert  but  we  are  researching 
a  controlled  vortex  without  centerbody, 
also  a  precast  port-face  and  tract 
burnt  into  the  light  alloy  casting. 

MODERNISED  ASSEMBLY  METHODS 

In  this  design^production  screw 
threading  has  been  generally  tabooed, 
and  fixings  are  by  elastic  tierods,  self¬ 
loading  bevel  circlips  and  spring 
circlips,  and  interference  or  adhesive 
filled  permanent  fits:  these  may  even  be 
used  in  combination  to  provide  ”belt  and 
braces**  security;  the  adhesive  located 
piston  collets  have  a  back-up  wire 
circlip,  and  bevel  circlip  for  a  high 
frequency  location  has  an  adhesive 
security  bond. 

EXEMPLARY  PUMP/MOTOR  PERFORMANCE 

A  25  mm  bore  9  cylinder  axial 
piston  pump  (or  motor)  having  a 
displacement  variable  up  to  16.8  cu. 
in.  per  revolution,  scales  152  lbs  with 
all  ancillaries  built  in,  and  measures 


10^**  X  11**  X  18**  overall  excluding  the 
driveshaft  projection.  In  **Lo**  rating 
it  is  controlled  to  a  maximum  delivery 
of  162  G5^M  (US)  and  4400  p.s.i.  (416HP) 
at  2500  RPM  but  may  be  programmed  to 
give  a  higher  pressure  at  commencement 
of  delivery  to  a  mot or^  allowing  greater 
starting  torque. 

In  ‘‘Normal**  rating  it  is  controlled 
to  195  Cff^M  maximum  and  5140  p.s.i.  (570HP) 
at  2800  RPM  and  in  "Hi"  rating  will 
deliver  216  CPM  at  6100  p.s.i.  and  3000 
RPM  or  above.  When  being  motored  with 
zero  delivery,  the  driving  torque  is 
only  1.03  lb.  ft.  at  2500  RPM  and 
1.43  lb.  ft.  at  3000  RPM  rising  to 
4.2  lb.  at  9000  RPM  with  heavy  "Lo** 
rated  internals  at  present  state  of 
development .  Leakage  ( including 
lubrication)  is  2.48  GPM  at  4400  p.s.i. 
falling  to  0.6  IPM  at  1000  p.s.i.  below 
which  it  remains  constant.  Mechanical 
efficiency  of  approximately  98^  is 
suspect  until  our  new  back-to-back 
dynamometer  is  commissioned.  Noise 
is  entirely  related  to  port  timing 
adjustment  which  is  not  yet  in 
aut  omat i c  mode • 

The  pump  features  are  protected  by 
ten  U.S.  patents  and  the  initial 
production  range  is  exemplified  in 
Table  A. 


TABLE  A:  INITIAL  PUMP /MOTOR  SIZE-RANGE 


Coded  Rating 
Cyls/Bore/ccpr/Duty 

Dimensions  ( in« 

(B  X  W  X  L) 

Weight  Ihs 
&  Matl. 

Displacement 

(cipr/ccpr) 

Pressure 

(Op.psi) 

Torque  10095  R.P.M.  G,P,M,  Hyd, Output 
(Ibf,  ft.)  (Rated)  (Rated)  (Rated  H.P.) 

7/12/20A<onn. 

iii»  X  X  7i» 

10  Al. 

1.22/20 

51i|0 

83 

6000 

31 

92 

9/12/27/Lo 

5i»  X  54*  X  84" 

32  C.I. 

1.65/27 

it/tOO 

96 

5250 

37 

95 

9/12/30/Nom. 

54"  X  54*  X  84" 

17  Al, 

1.83/30 

5110 

124 

5750 

45 

135 

9/12/33/Hl 

54"  X  54*  X  84" 

12  Mg. 

2.01/33 

6100 

162 

6250 

54 

190 

9/15/60/Horm. 

64"  X  64"  X  104" 

33  Al. 

3.66/60 

511»0 

249 

4600 

72 

210 

9/l8/lC»/Norm. 

74*  X  8"  X  13" 

50  Al. 

6.1/100 

5140 

415 

4000 

103 

303 

9/21/155/Honn. 

84*  X  94"  X  15" 

90  Al. 

9.5/155 

5140 

647 

3300 

333 

392 

9/25/250/Lo 

104*  X  11*  X  18* 

280  C.I. 

15.25/250 

4400 

888 

2500 

162 

400 

9/25/265/Nonn. 

104"  X  11*  X  18" 

152  Al. 

16.35/265 

5140 

1115 

2800 

195 

570 

9/25/280/Hl 

104*  X  11"  X  18" 

99  Mg. 

17.0/280 

6100 

1375 

3000 

a6 

750 

9/36/820/Nonn. 

15*  X  154*  X  254* 

450  Al. 

50/820 

5140 

3400 

2000 

425 

1250 

9/50/2130/Norm. 

21*  X  22*  X  36* 

1215  Al. 

130/2130 

5140 

8850 

1500 

830 

2440 

9/60/3800/Mar. 

254"  X  264*  X  i*3* 

2100  Al. 

232/3800 

5140 

15800 

875 

717 

2500 

9/72/660e/Norm. 

30*  X  314*  X  52" 

3620  Al. 

W3/6600 

5140 

27400 

1000 

1709 

5100 

9/ 100/17200/Norm. 

1|2*  X  /44*  X  72" 

9700  Al* 

1050/17200 

5140 

71500 

750 

3360 

10000 
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ROTOR  DESIGN  IMPLICATIONS  FOR  COMPOSITE  MATERIAL  PROPERTIES* 

Richard  H.  To land 

Lawrence  Livermore  Laboratory,  University  of  California 
Livermore,  California  94550 


ABSTRACT 

The  role  and  needs  of  materials  research  and  characterization  are  defined  within 
the  context  of  the  rotor  design  and  analysis  process.  In  particular,  we  see  that 
material/ geometry  tailoring  permits  design  optimization,  composites  can  be  utilized  most 
efficiently  when  fiber  properties  govern  rotor  performance  and  reliability,  and  time^ 
dependent  properties  are  essential  for  practical  and  reliable  rotor  design. 


INTRODUCTION 

It  is  of  interest  to  step  back  from  the 
details  of  specific  rotor  designs  and  re¬ 
flect  upon  the  general  principals  of  fly¬ 
wheel  rotor  mechanics  and  their  implica¬ 
tions  for  composite  materials  usage  and 
research  needs.  A  good  place  to  begin  is 
the  classical  performance  index  for  rotors 
made  of  homogeneous,  isotropic  materials. 
Here, 

(KE/M)  =  C  (a/p)  ,  (1) 

where  KE  is  the  kinetic  energy,  M  is  mass, 

C  is  the  shape  factor,  a  is  a  usable 
(allowable)  strength,  and  p  is  the  mass 
density.  This  is  a  convenient  measure 
which  appears  trivial  but  is  actually 
elegantly  simple.  The  independent  meas¬ 
ures  of  geometry,  C,  and  materials  proper¬ 
ties,  a/p,  are  noninteracting,  allowing 
the  designer  to  easily  and  independently 
compare  different  materials  and  designs, 
thus  greatly  facilitating  design  develop¬ 
ment.  Examples  of  the  shape  factor,  C, 
and  the  strength- to-density  ratio,  a/p, 
a're  given  in  Fig.  1  and  Table  1,  respec¬ 
tively  . 

A  quick  evaluation  of  the  energy  den¬ 
sities  that  are  possible  with  rotors  made 
of  these  materials  reveals  that  little 
gain  over  battery  performance  is  achieved. 
Instead,  flywheel  applications  to  date 
have  been  exploiting  the  significantly 
better  power  density.  However,  the  ques¬ 
tion  remains  whether,  when  energy  losses 
and  system  complexity  are  also  integrated 
into  the  design,  this  mechanical  energy 
storage  device  offers  sufficient  advantages 
over  conventional  batteries.  The  answer 
obviously  depends  on  both  the  application 


C  =  0.5 


Fig.  1.  Flywheel  shapes  and  corresponding 
shape  factor  C. 


and  the  near-future  development  of  advanced 
flywheel  technology.  In  the  latter  case, 
the  use  of  advanced  fiber  composites  in 
rotor  construction  offers  the  promise  of 
major  gains  in  rotor  energy  density.  When 
their  potential  value  to  this  application 


This  work  was  performed  under  the  auspices  of  the  U.S.  Department  of  Energy,  under 
contract  So.  W-7405-Eng-48. 
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Table  1.  Representative  strength-to- 

density  ratios  for  three  metals. 


Usable 

strength. 

Strength/ dens ity , 

0, 

o/p, 

Material 

MPa  (ksi) 

MJ/kg  (Wh/lb) 

Steel 

6.9  (100) 

0.08  (10) 

Aluminum 

1.85  (27) 

0.06  (7.5) 

Titanium 

3.45  (50) 

0.07  (9) 

is  evaluated,  these  materials  are  compared 
on  the  basis  of  their  strength-to-density 
ratios;  however,  only  the  strength  of  the 
unidirectional  laminate  in  the  fiber  direc¬ 
tion,  S^,  is  considered.  Table  2  lists  the 
representative  static  strengths.  Si,  the 
energy  density,  [0.5(Si/pc) ] ,  a  range  for 
material  cost,  and  a  representative  cost 
per  unit  of  energy.  The  potential  of  these 
materials  for  advanced  flywheels  is  ap¬ 
parent.  The  E-glass/epoxy  is  cheapest  in 
terms  of  cost  per  unit  energy,  whereas 
Kevlar/ epoxy  offers  the  highest  perform¬ 
ance,  t  While  there  is  reason  for  opti¬ 
mism,  we  must  recall  that  these  materials 
have  distinctive  and  more  complex  behavior 
including  anisotropy  and  heterogeneity. 

We  must  consider  that: 

•  When  measuring  rotor  perrormance, 
the  ortho tropy  in  elastic  moduli  can 
introduce  a  strong  coupling  between 
geometry  and  material  properties . 

•  Fiber  composites  have  low  strengths 
in  failure  modes  which  are  not  con¬ 
trolled  bv  the  fiber  properties. 

Reference  to  a  company  or  product  name 
does  not  imply  approval  or  recommendation 
of  the  product  by  the  University  of  Cali¬ 
fornia  or  the  U.S.  Department  of  Energy  to 
the  exclusion  of  others  that  may  be  suit¬ 
able. 


•  Time-dependent  properties  can  be 
significantly  different  than  the 
usually  quoted  static  values. 

EVALUATION 


Now  we  must  ask,  how  can  we  evaluate 
the  roles  of  geometry  and  materials  as  a 
measure  of  performance  of  composite  rotors? 
One  generalized  performance  index  which 
recognizes  the  greater  complexity  of  these 
materials  and  the  rotors  constructed  from 
them  is 

(KE/M)  =  min  fC.CK.  S./p  )'!  ,  (2) 

^  ^max  11,  1C 

L  min  J 

th 

where  i  is  the  i  failure  mode  for  a  given 
design  concept,  Ci  is  a  shape  factor, 
incorporating  geometry,  material  ortho- 
tropy,  type  of  fabrication,  and  type  of 
failure  mode,  is  a  base  strength  for 
the  i^^  failure  mode,  and  Ki  is  the  appro¬ 
priate  material  "knockdown"  factor  which 
considers  time- dependency  and  other  pos¬ 
sible  service  conditions.  The  expression 
in  brackets  is  a  string  of  numerical 
values,  the  smallest  of  which  will  be  the 
maximum  achievable  energy  density  for  that 
material  system  and  design.  The  shape 
factor  now  permits  coupling  between 
materials  properties  and  geometry;  the 
allowable  (or  usable)  strength  is  repre¬ 
sented  as  (Kip^-f  where  K  can  be  likened 
to  a  ratio  between  practical  reality  and 
unrestrained  optimism.  As  an  example,  con¬ 
sider  the  class  of  rotor  geometries  defined 
by  Fig.  2.  For  these  systems  we  can  define 

(KE/M)  =  [(1  +  b^)/4](0^  R2  .  (3) 


To  determine  the  maximum  (KE/M)  we  must 
evaluate  the  system  for  maximum  co.  The 
hoop  and  radial  stresses  are  functions  of 
r,  b,  n2,  and  pco^R^*  Then  we  can  evaluate 
their  maximum  values  for  given  b  and  n^  as 


Table  2.  Comparison  of  materials. 


Material 

^1^ 

MPa  (ksi) 

Specific 

gravity 

0.5(S^/pc), 
MJ/kg  (Wh/lb) 

Unit  cost, 

$/kg  ($/ib) 

Unit 

energy  cost, 

$/MJ  ($/kWh) 

E-glass/epoxy 

1100  (160) 

2.1 

0.26  (33) 

1-5  (0.4-2. 3) 

3.9  (12) 

S2-glass/epoxy 

1750  (255) 

2.0 

0.44  (55) 

3-10  (1.4-4. 5) 

6.8  (25) 

Kevlar/ epoxy 

1800  (260) 

1.35 

0.67  (84) 

13-25  (6-11) 

19  (71) 

HS  graphite/epoxy 

1800  (260) 

1.6 

0.56  (71) 

28-55  (13-25) 

50  (183) 
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b  =  R/Rj 
n2  =  E^/E, 


Fig.  2.  Class  of  rotor  geometries  which 
includes  thin  rings,  thick  rings,  and 
disks. 


7  =  c  pwV,  a  =  c  psV 

®MAX  ®  2 


where  C0  and  Cj-  are  numerical  values  de¬ 
fined  for  each  given  case  of  b  and  n^  to 
give  the  maximum  stress  in  the  rotor. 

Then 

x[(l  +  b^)/4cJ(K^S^/p^)j-  .  (5) 
2 

The  quantities  [ (1  +  b  )/4C0]  and 

[(1  +  b2)/4Cj.]  are  the  "shape"  factors  for 

the  hoop  and  radial  failure  modes. 


Material  orthotropy  ratio,  n  =  (E^/Ej.)^/^ 


Fig.  3.  Factor  Cq  for  maximum  hoop  stress 
as  a  function  of  material  orthotropy  n 
and  geometry  b. 

possible)  to  achieve  maximum  rotor  perform¬ 
ance  within  this  class.  Alternately, 
Christensen  and  Wu  discuss,  in  this  pro¬ 
ceedings,  how  the  geometry  can  be  tailored 
for  a  given  material  system  to  achieve 
maximum  performance. 

MATRIX-CONTROLLED  COMPOSITE  STRENGTH 


To  examine  these  aspects  of  composite 
rotor  design  in  light  of  the  above  example 
and  to  look  for  directions  to  materials 
development,  we  specifically  consider 
material/ geometiry  tailoring  for  high  rotor 
performance,  the  role  of  matrix-controlled 
strengths  in  limiting  design  performance, 
and  the  effect  of  time- dependent  properties 
on  the  usable  energy  density  and  the  cost 
per  unit  of  energy. 

MATERIAL/GEOMETRY  TAILORING 

Consider  a  parametric  study  in  which  we 
evaluate  Cq  for  varying  b  and  n.  We  find 
(Fig.  3)  that  a  minimum  value  for  Cq  can 
be  obtained  for  each  b,  resulting  in  the 
maximum  of  [ (1  +  b^)/4CQ].  Therefore,  if 
the  hoop  strength  controls  rotor  failure, 
optimal  values  of  n  exist  which  produce 
the  maximum  (KE/M)  for  given  values  of  b. 
Interestingly,  we  find  in  these  cases  that 
(KE/M)max  is  approximately  tO.5(KQS0/pc) ] 
and  that  the  hoop  stress  distribution  is 
nearly  constant  with  r  (an  optimal  condi¬ 
tion)  -  It  has  been  shown  previously  that 
[0.5'^(Si/Pc)  ]  is  the  upper  bound  for  the 
energy  density  of  rotors  made  of  anisotro¬ 
pic  (composite)  materials.  (The  plus 
recognizes  a  possible  matrix  contribution 
in  some  designs.)  It  is  apparent  now  that 
material  properties  can  be  tailored  (when 


We  now  consider  the  possible  role  of 
matrix- controlled  composite  strengths 
(transverse  tensile  strength)  in  limiting 
rotor  performance.  Continuing  the  previous 
parametric  study  by  evaluating  Cr  for 
varying  b  and  n,  we  find  (Fig,  4)  that 
significant  radial  stresses  exist  in  the 
disks  (b  =  0.1)  and  thick  rings  (b  =  0.7) 
which  could  potentially  control  rotor  per- 
forlnance.  Only  in  the  thin  ring  (b  >  0.9) 
do  we  find  negligible  radial  stresses. 
Because  we  can  tailor  our  material  for 
optimal  performance  relative  to  S0,  we 


Fig,  4.  Factor  Cj.  for  maximum  radial 
stress  as  a  function  of  material  ortho¬ 
tropy  n  and  geometry  b. 
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Table  3.  Transverse  tensile  strengths  for  composites. 


Material 

MPa  (ksi) 

b 

C 

S^,  MPa  (ksi) 

E- glass /epoxy 

7.5  (1.1) 

0.1 

0.385 

424  (61) 

0.018 

0.7 

0.04 

44  (6.4) 

0.17 

S2“glass/epoxy 

42.5  (6.2) 

0.1 

0,375 

656  (95) 

0.065 

0.7 

0.04 

70  (10.2) 

0.62 

Kevlar/ epoxy 

15  (2.2) 

0.1 

0.19 

342  (50) 

0.044 

0.7 

0.038 

68  (9.9) 

0.22 

HS  graphite/epoxy 

45  (6.5) 

0.1 

0.135 

243  (35) 

0.18 

0,7 

0.036 

,65  (9.4) 

0.69 

wish  to  define  the  condition  for  which 
radial  strength  Sj-  does  not  limit  perform¬ 
ance.  The  condition  for  simultaneous 
failure  in  both  hoop  and  radial  modes  can 
be  defined  by  specifying  a  "breakeven” 
radial  strength  as 

S  =  C  S.  , 
r  0 

where 

c  =  a  /c.  . 

r  0 


The  in-between  ground  (0.7  <  b  <  0.9)  pres¬ 
ently  is  not  attractive  for  simple  hoop- 
wound  designs;  however,  the  general  class 
of  "nested"  rings  (including  the  ballasted 
and  multimaterial  rings)  seems  promising. 
The  multimaterial  ring  uses  a  high- 
stiff  ness  outer  ring  and  an  inner  ring  of 
lower  stiffness  to  achieve  a  significant 
reduction  in  the  peak  radial  stress.  Both 
Union  Carbide/Oak  Ridge  and  Sandia  Labora¬ 
tories  have  discussed  such  designs  in  this 
symposium. 


To  examine  this  condition  relative  to  a 
specific  situation,  we  consider  the  hoop- 
wound  rotor  which  can  have  the  geometry  of 
a  thin  ring,  a  thick  ring,  or  a  disk.  The 
relative  ease  of  fabrication  of  this  type 
of  fl3rwheel  suggests  possible  low  cost  and 
high  production  rates.  These  rotors,  how¬ 
ever,  must  sustain  the  radial  stresses  in 
the  matrix-dependent  transverse  tensile 
mode.  Representative  values  of  transverse 
tensile  strength  for  the  four  previous 
material  systems  now  must  be  compared  to 
the  Sr  breakeven  strength  for  b  =  0,7 
(thick  ring)  and  b  =  0.1  (disk)  geometries 
(Table  3) .  None  of  these  material  systems 
possesses  20%  of  the  required  strength  for 
the  disk  rotor.  Even  for  the  thick  ring 
(b  -  0.7),  we  cannot  obtain  more  than  69% 
of  the  breakeven  strength.  The  S2-glass 
and  US- graphite/ epoxy  come  the  closest. 

Thus,  only  the  thin  ring  is  a  logical  choice 
for  hoop-wound  construction  at  this  point. 

By  plotting  C  vs  b  for  varying  n  (Fig,  5), 
we  can  better  define  the  role  of  radial 
strength  on  rotor  design  and  material  con¬ 
struction. 

For  the  material  systems  considered 
(n  <  4.5),  we  see  that  hoop-wound  construc¬ 
tion  is  readily  achieved  for  thin  rings 
(b  >  0.9),  but  a  laminated  construction 
appears  to  be  necessary  for  disks  (b  <  0.7). 


We  also  can  see  from  Figs.  4  and  5  that 
a  higher  orthotropy  ratio  n^  or  a  lower 
radial  modulus  (transverse  modulus  of  hoop 
wound  rotor)  would  reduce  the  required 
radial  breakeven  strength.  However,  sever¬ 
al  problems  confront  this  approach.  First, 
from  a  design  standpoint  for  disks  (b  =  0.1) 
with  a  lower  radial  modulus,  the  optimal 
material  orthotropy  ratio  for  hoop- 
controlled  rotor  performance  is  no  longer 
obtainable.  However  for  the  thick  ring 
(where  b  -  0.7),  this  does  appear  to  be  a 


Geometry,  b  =  R^/R2 


Fig.  5.  Parameter  C  (equal  to  Cj./C0) 
used  to  evaluate  the  hoop  and  radial 
breakeven  condition  as  a  function  of 
material  orthotropy  n  and  geometry  b. 
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reasonable  approach.  Second,  material 
systems  with  low  transverse  moduli  suffer 
significant  reductions  in  the  longitudinal 
strength  Si,  the  prime  motivator  for  com¬ 
posites.  In  addition,  a  reduction  in  the 
transverse  modulus  must  be  accompanied  by 
increases  in  total  elongation  in  this  mode. 
We  can  estimate  this  by  defining 

2- 

e  =  n  Ce^  •  (6) 

r  0 

From  Fig.  5,  we  see  that  transverse  tensile 
strains  approximately  twice  that  of  the 
fiber  strain  at  failure  are  required  for 
breakeven.  This  is  not  possible  with  any 
engineering  material  system  available.  At 
this  point,  we  must  conclude  that  designs 
where  matrix  properties  control  rotor  per¬ 
formance  will  be  limited  to  below  the 
potential  of  the  fiber. 

TIME-DEPENDENCY  OF  COMPOSITE  PROPERTIES 

While  we  have  emphasized  performance  in 
rotor  design,  successful  applications  of 
these  energy  storage  systems  require  that 
the  emphasis  be  shared  with  design  practi¬ 
cality  and  reliability.  Thus,  the  defini¬ 
tion  of  the  time-dependent  properties  of 
composites  is  necessary  for  developing 
reliable  rotors.  Because  the  data  required 
for  this  purpose  have  not  yet  been  gener¬ 
ated,  we  can  obtain  an  estimate  by  adjust¬ 
ing  the  material  strengths  to  reflect  the 
effects  of  cyclic  fatigue  and  stress- 
rupture.  In  effect,  we  attempt  to  design 
a  rotor  to  a  specified  minimum  life. 

Table  4  provides  the  "knockdown"  factors 
for  fiber-controlled  and  transverse  ten¬ 
sile  strength.  Admittedly,  these  are 


Table  4.  Time-dependent  "knockdown" 
factors . 


Material 

. 

mxn 

^^2 

E-glass/epoxy 

0.3 

0.25  0.33 

S2-glass /epoxy 

0.4 

for  all 
materials 

Kevlar /epoxy 

0.55 

HS  graphite/epoxy 

0.75 

engineering  "judgement"  values,  based  on 
available  stress-rupture  and  fatigue  data. 

A  minimum  10-year  and  500,000-cycle  life¬ 
time  is  assumed  and  Klmi^  taken  as  the 
minimum  of  two  values  for  the  above  con¬ 
ditions.  The  selection  of  K2  is  based  on 
an  estimate  of  the  time- dependent  "endur¬ 
ance  limit"  of  the  epoxy  matrix  properties 
of  the  composite,  using  epoxy  adhesive  and 
composite  creep  data.  It  is  evident  that 
fibers  must  control  not  only  the  perform¬ 
ance  aspects  of  rotor  design  but  also  the 
reliability.  Thus  we  must  define  reason¬ 
able  time-dependent  allowable  strengths. 

It  also  is  of  interest  to  compare  ma¬ 
terials  on  both  the  short-term  and  long¬ 
term  basis  for  fiber-  and  matrix-controlled 
designs  (Table  5).  The  effect  of  time 
dependency  clearly  suggests  that  graphite/ 
epoxy  should  be  considered  as  a  prime 
material  candidate,  especially  if  the  fiber 
cost  drops  below  $10/lb  as  projected. 

Also,  S2-glass  is  a  reasonable  candidate 
on  a  cost  per  unit  performance  basis. 


Table  5.  Materials  comparison  for  short-  and  long-term  use. 


Short  term 

Long  term 

Material 

i0.5(S  /p  )].® 

1  c 

MJ/kg  (Wh/lb) 

[0.5(K^S^/p^)],^ 
MJ/kg  (Wh/lb) 

[(l+b^)/4C  ](K  S  /p  ),'=’ 
r  2  2c 

MJ/kg  (Wh/lb) 

E- glass /epoxy 

0.26  (32.8) 

0.08  (10.1) 

0.01  (1.3) 

S2-glass/epoxy 

0.44  (55.4) 

0.175  (22.0) 

0.075  (9.5) 

Kevlar/ epoxy 

0.67  (84.4) 

0.36  (45.3) 

0.04  (5.0) 

HS  graphite/ 
epoxy 

0.56  (70 .'6) 

0.42  (52.9) 

0.12  (15.1) 

dL 

Replace  the  0.5 

factor  with  0.42  for 

the  b  =  0.7  case. 

'’Here,  b  =  0.7. 
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EPOXY  MATRICES  FOR  FI  LAMENT- WOUND  FLYWHEELS* 

J.  A.  Rinde,  E,  T.  Mones,  and  T,  T,  Chiao 

Lawrence  Livermore  Laboratory,  University  of  California 
Livermore,  California  94550 


ABSTRACT 

Epoxies  are  popular  as  matrix  materials  for  composite  flywheels.  Depending  on 
the  design,  the  required  matrix  properties  may  differ  greatly.  In  this  study,  we  recom¬ 
mend  a  moderate- temperature-curable  epoxy  as  well  as  a  rubberized,  high- temperature- 
resistant  epoxy  to  meet  specific  requirements,  for  composite  flywheels.  In  addition, 
preliminary  data  on  flexible  long- elongation  epoxies  for  flywheel  applications  are  not 
encouraging. 


INTRODUCTION 


Epoxies,  because  of  their  high  per¬ 
formance,  have  been  the  key  matrix 
materials  for  filament-wound  composite  fly¬ 
wheels.  Present  promising  flywheel  designs 
essentially  fall  into  three  types;  Cl) 
ho op- wound  thin  rims  C^ither  single  or 
multirims)  with  an  inside- to-outside  radius 
ratio  of  about  0.9;  C2)  thick-rims  or  ver¬ 
sions  of  spoke-rim  designs  with  a  radius 
ratio  around  0.7;  and  C3)  solid  disk 
designs,  either  hoop-wound  or  laminated. 
Depending  on  the  design  and  the  fiber 
selected,  the  required  matrix  properties 
are  different.  As  shown  in  Fig.  1,  the 
demands  placed  on  the  matrix  of  a  thin-rim 
composite  fl3rwheel  are  not  very  severe. 

The  .only  critical  property  required  for 
the  matrix  here  is  temperature  resistance 
at  the  operating  conditions.  For  a  hoop- 
wound,  thick-rim  aramid  fiber/epoxy  fly¬ 
wheel,  however,  additional  critical  proper¬ 
ties  are  required  of  the  matrix,  including 
a  low- temperature  cure  to  reduce  fabrica¬ 
tion  stresses  and  a  high  transverse  com¬ 
posite  strength  and  strain  to  prevent 
delamination  failure.  In  addition,  there 
are  other  flywheel  designs  for  which 
engineers  request  flexible  or  rubber-like 
epoxies.  Thus,  to  satisfy  the  various 
design  philosophies  without  necessarily 
endorsing  any  particular  design,  the  LLL 
study  of  epoxy  resins  has  concentrated  on 
three  areas:  Cl)  a  moderate- temperature- 
curable  epoxy  formulation;  C2)  a  rubberized 
high- temperature- resistant  epoxy  formula¬ 
tion;  and  C3)  flexible  (low  modulus)  and 
high- elongation  epoxy  formulations. 


High-temperature- 
resistant  epoxy 


Low-temperatu  re- 
curable  epoxV" 


Flexible  epoxy 


I 

Fig.  1.  Diagram  of  fiber-epoxy  resin 
arrangements  for  different  flywheel 
designs . 


MODERATE- TEMPERATURE-CURABLE 
EPOXY  FORMULATION 

The  main  use  for  a  moderate- temperature- 
curable  epoxy  resin  system  is  in  very  large 
flywheels  that  might  be  fabricated  in  the 
field.  This  epoxy  formulation  also  can  be 
used  for  small  thick- rim  flywheels  which 
may  delaminate  during  a  high- temperature 


it 

This  work  was  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  under 
Contract  No.  W-7405-Eng-48. 
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cure  due  to  high  residue  composite  stres¬ 
ses.  Our  recommended  formulation^  is  100 
parts  (hy  weight)  DER  332  COow  Chemical) 
and  45  parts  Jeff  amine  T-403  CJefferson 
Chemical). +  The  system  is  gelled  at^room 
temperature  and  cured  for  16  h  at  60  C. 

The  advantages  of  this  system  include  low 
composite  residue  stresses,  reasonable 
mechanical  properties,  a  large  available 
data  base,  and  suitability  for  on-site 
fabrication.  However,  this  moderate- 
temperature-curable  system  does  have  two 
major  drawbacks:  it  has  a  low  service 
temperature  range  C65  to  80®C)  and  has  a 
low  composite  transverse  strain  ==  0,1 
to  0.16%)  to  failure. 

RUBBERIZED  HIGH-TEMPERATURE-RESISTANT 
EPOXY  FORMULATION 

Depending  on  the  air  pressure  in  a  fly¬ 
wheel  containment  chamber,  the  operating 
temperature  of  a  flywheel  may  exceed  70®C. 
For  this  reason,  the  epoxy  matrix  used  for 
flywheel  must  be  resi&tant  to  high  tem¬ 
peratures.  Recent  research  work  on  the 
fracture  mechanics  of  epoxies  has  indicated 
that  a  rubberized  epoxy  could  substantially 
improve  the  fracture  resistance  of  epoxy 
resins.  Work  on  simple  hoop-wound  flywheels 
also  qualitatively  verified  the  benefit  of 
the  rubberized  epoxy  matrix  in  the  com¬ 
posite.  Therefore,  we  recommend  the  fol¬ 
lowing  rubberized  epoxy  formulation;  100 
parts  XD  7575,03  C^ow  Chemical),  65  parts 
XD  7114  CDow  Chemical),  and  35  parts  Tonox 
60-40  CUniRoyal),  cured  for  4.5  h  at  60®C 
plus  3  h  at  130®C.  The  tensile  stress- 
strain  curves  of  this  epoxy  and  the 
moderate- temperature-curable  epoxy  are 
compared  in  Fig.  2.  Note  that  the  high 
elongation  at  maximum  stress  is  approxi¬ 
mately  6%  for  the  rubberized  formulation. 
Additional  unique  features  of  this  epoxy 
include  high  fracture  resistance,  high 
service  temperature  C105®C),  ease  of  proc¬ 
essing  C800  cps,  29.3-h  pot  life),  and 
good  modulus  C877  ksi) ,  Scanning  electron 
microscope  pictures  of  the  cured  rubberized 
epoxy  confirmed  expectations  that  the 
material  has  two  phases:  rubber  and  eppxy. 
We  are  continuing  our  study  of  this  epoxy 
formulation  in  an  attempt  to  realize  its 
full  potential. 


'•'Reference  to  a  company  or  product  name 
does  not  imply  approval  or  recommendation 
of  the  product  by  the  University  of  Cali¬ 
fornia  or  the  U.s:  appartment  of  Energy  to 
the  exclusion  of  others  that  may  be 
suitable, 


Fig.  2.  Comparison  of  stress-strain  curves 
for  the  moderate-temperature-curable 
epoxy  (dashed  curve)  and  the  rubberized, 
high-temperature-resistant  epoxy  Csolid 
curve) . 


FLEXIBLE  EPOXIES 

.  2 

Qur  work  on  flexible  epoxies  covers 
three  groups:  (1)  epoxies  with  relatively 
high  tensile  strength  and  low  elongation 
to  failure  (see  Fig.  3);  C2)  epoxies  with 
moderate  strength  and  moderate  elongation 
(see  Fig.  4);  and  (3)  rubber-like  materials 
with  low  strength  and  high  elongation  Csee 
Fig.  5).  To  verify  the  utility  value  of 
the  flexible  resin  concept  in  fiber  compos¬ 
ites,  we  selected  four  resin  systems  from 
the  three  groups,  prepared  simple  S2-glass/ 
epoxy  composites,  and  measured  the  com¬ 
posite  transverse  properties.  This  work 
is  reported  in  more  detail  in  these  pro¬ 
ceedings  by  R.  M.  Christensen,  From  the 
practical  point  of  view,  preliminary  data 
on  flexible  epoxies  do  not  seem  to  offer 
any  obvious  unique  advantages  for  composite 
flywheel  designs. 
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Fig.  3.  Tensile  stress-s train  curves  for 
epoxies  with  relatively  high  strength 
and  low  elongation. 


Fig.  5.  Tensile  stress-strain  curves  for 
epoxies  with  low  strength  and  high 
elongation. 
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Fig.  4.  Tensile  stress-strain  curves  for 
epoxies  with  intermediate  strength  and 
high  elongations. 
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ABSTRACT 

Fiber  composite  structures  are  often  designed  and  fabricated  using  a  la^ninate  con¬ 
struction  built  by  stacking  individual  lamina  at  various  angles.  When  testing  such  lam¬ 
inates  to  failure,  it  typically  is  found  that  resin  failure  occurs  before  fiber  failure. 
The  reason  for  this  is  quite  obvious;  for  ^n  individual  lamina  in  a  state  of  transverse 
tension,  the  presence  of  the  fiber  phase  causes  a  stress/strain  concentration  effect 
which  induces  premature  failure  of  the  resin  phase.  An  appealingly  simple  means  to  pre¬ 
vent  premature  resin  failure  has  been  suggested.  This  method  is  to  employ  a  flexible 
resin  in  the  composite  that  can  withstand  the  high  local  elongations  caused  by  the  strain 
concentration  effect.  Although  this  remedy  has  been  widely  discussed,  there  has  been 
little  quantitative  data  available  to  support  the  thesis.  However,  we  have  recently 
obtained  specific  data  which  will  now  be  described. 

In  a  state  of  transverse  tension  and  in  the  case  of  rigid  fibers  at  a  volume  con¬ 
centration  of  two-thirds,  the  corresponding  strain  concentration  factor  has  been  shown 
to  be  very  nearly  ten.  One  implication  of  this  phenomenon  is  that  a  lamina  in  a  state 
of  transverse  tension  is  expected  to  fail  at  a.  strain  ten  times  lower  than  that  of  the 
neat  resin.  This  hypothesis  assumes  that  there  is  no  change  in  the  mode  of  failure.  To 
verify  the  hypothesis,  several  flexible  resins  have  been  tested.  Figure  1  shows  the 
stress-strain  characteristics  of  the  four  resins  whose  composition  is  shown  in  Table  1. 
The  corresponding  composite  transverse  tension  test  results  are  shown  in  Fig.  2.  In  all 
cases,  the  composite  fails  at  a  lower  strain  level  than  was  predicted  by  the  simple 
factor-of-ten  scaling.  It  should  be  noted,  however,  that  the  Increasingly  flexible  res¬ 
ins  do  indeed  give  increased  elongation  at  failure  in  the  composite,  although  not  as 
much  as  is  expected  from  the  strain  concentration-' rationale. 

The  reason  for  the  inability  of  the  strain  concentration  factor  to  accurately  pre¬ 
dict  the  composite  failure  level  appears  to  be  related  to  change  in  the  mode  of  failure 
between  the  neat  resin  and  the  composite.  There  seems  to  be  a  brittle  failure  mode  in 
the  composite  whereas  the  failure  mode  in  the  resin  is  of  a  more  ductile  type.  The 
mechanism  of  brittle  fracture  in  composites  employing  flexible  resins  is  now  being 
investigated  to  verify  the  governing  mechanism.  Next,  following  the  brittle  failure 
mechanism  rationale,  further  flexible  resins  will  be  examined  in  an  attempt  to  obtain  a 
further  increase  in  elongation  at  failure.  Also,  the  effect  of  flexible  resins  on  other 
composite  properties  must  be  investigated. 

At  this  point,  the  preliminary  results  indicate  that  the  use  of  flexible  resins, 
although  simple  in  concept,  involves  complicated  behavioral  aspects  in  composite  form. 

The  performance  of  composites  using  the  flexible  resins  tested  to  date  does  not  warrent 
immediate  application  in  laminate  flywheels. 

This  report  is  abstracted  from  work  in  progress;  completed  study  will  be  submitted 
for  formal  journal  publication. 


Work  performed  under  auspices  of  U,S,  Department  of  Energy,  under  contract  No, 
W-7405-Eng-48. 
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Fig.  2.  Transverse  tensile  stress-strain 
curves  for  the  composites  made  from  the 
flexible  resins  Ccomposition  of  the 
resins  is  listed  in  Table  1) . 


Fig.  1.  Transverse  tensile  stress-?* strain 
curves  for  the  four  resins  Ccomposition 
of  the  resins  is  listed  in  Table  1). 


a 

Table  1.  Resin  system  components. 


Resin 

Components 

Ratio 

A 

XD  7818^/XD  7114^/Tonox  60-40^^ 

100/30/30.7 

B 

Epon  871^/XD  7818/XD  7114/Tonox  60-40 

50/30/20/16.4 

C 

Epon  871/XD  7818/XD  7114/Tonox  60-40 

70/20/10/13.3 

D 

DER  732^/XD  7818/Tonox  60-40 

70/30/15.0 

^References  to  a  company  or  product  name  does  not  imply 
approval  or  recommendation  of  the  product  by  the  University 
of  California  or  the  U.S.  Energy  Research  and  Development 
Administration  to  the  exclusion  of  others  that  may  be 
suitable. 

^Dow  Chemical  Company. 

^UniRoyal  Chemical  Company. 

^ She 11  Chemical  Company. 
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COMPARATIVE  PROPERTIES  OF 
FIBER  COMPOSITES  FOR  ENERGY- STORAGE  FLYWHEELS. 
PART  A:  EVALUATION  OF  FIBERS  FOR  FLYWHEEL  ROTORS* 


Lynn  S.  Penn 

Lawrence  Livermore  Laboratory,  University  of  California 
Livermore,  California  94550 


ABSTRACT 

Four  fiber-composite  systems  (Kevlar  49/epoxy,  Kevlar  29/epoxy,  S2-glass/epoxy,  and 
E- glass /epoxy)  were  studied  for  use  in  flywheel  rotors.  We  compared  not  only  the 
performance  of  the  materials,  but  also  the  relationship  of  the  results  of  conventional 
tests  (e.g,,  NOL  ring  hydroburst)  to  the  results  of  flywheel  rotor  spin  tests.  We  found 
that  the  relatively  inexpensive  hydroburst  test  gives  failure  stress  results  statistically 
identical  to  those  obtained  from  the  costly  spin  tests.  Thus,  at  a  given  fiber  volume, 

NOL  ring  burst  data  can  be  used  to  predict  rotor  performance,  A  comparison  of  materials 
performance  revealed  that  in  terms  of  energy  storage  potential,  the  Kevlar  49/epoxy 
composite  ranks  highest,  but  in  terms  of  energy  storage  per  unit  cost,  E-glass/epoxy  is 
best. 


INTRODUCTION 

A  study  of  four  fiber- composite 
systems  for  use  in  flywheels  (Kevlar 
49/epoxy,  Kevlar  29/epoxy,  S2-glass/ 
epoxy,  and  E-glass/epoxy ' )  has  been 
carried  out .  We  at  LLL  wish  not  only  to 
compare  the  performance  of  the  materials 
but  also  to  obtain  the  relationship  be¬ 
tween  results  of  conventional  tests  on 
composite  materials  and  flywheel  rotor 
spin  tests.  Establishing  such  a  rela¬ 
tionship  would  permit  the  use  of  con¬ 
ventional  materials  tests  in  place  of 
spin  tests  to  screen  fibers  and  composites 
for  flywheel  applications.  For  each  ma¬ 
terial,  we  carried  out  strand- tensile 
tests,  NOL  ring  hydroburst,  thin-rim  rotor 
hydroburst,  and  thin-rim  rotor  spin.  All 
of  these  test  configurations  presumably 
evaluate  the  longitudinal  tensile  strength 
of  the  fiber  composite. 

Table  1  identifies  the  fibers  used 
and  gives  their  densities,  numbers  of 
filaments  per  strand,  and  cost.  All  spec- 

This  work  was  performed  under  the 
auspices  of  the  U.S.  Department  of  Energy, 
under  contract  No.  W-7405-Eng-48. 
t 

Reference  to  a  company  or  product 
name  does  not  imply  approval  or  recom¬ 
mendation  of  the  product  by  the 
University  of  California  or  the  U.  S. 
Department  of  Energy  to  the  exclusion  of 
others  that  may  be  suitable. 


imens  were  filament- wound  and  impregnated 
with  DER  322  (Dow  Chemical)  epoxy  resin 
cured  with  Jeffamine  T-403  (Jefferson 
Chemical) .  The  composites  were  cured 
16  h  at  35°  plus  4  h  at  80°C.  Strands 
and  NOL  rings  of  several  different  fiber 
volume  fractions  were  prepared  for  test. 
Because  of  their  considerable  expense, 
the  composite  rotor  specimens  were  fabri¬ 
cated  at  a  single  fiber  content  rather 
than  over  a  range. 


Table  1.  Fiber  information. 


Fiber 

Density, 

Mg/m^ 

Filaments/ 
s  trand 

Current 

cost, 

$/lb 

Kevlar  49 
(DuPont) 

1,45 

1000 

8.50 

Kevlar  29 
(DuPont) 

1.44 

1000 

8.00 

E-glass 
type  30 
(Owens- 
Corning 
Fiberglas) 

2.57 

2052 

0.40 

S2-glass, 

20- end 

roving 

(Owens- 

Cornlng 

Fiberglas) 

2.43 

4080 

2.00 
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EXPERIMENTAL  PRODCEDURE 


RESULTS 


Hydroburst  tests  of  both  NOL  rings 
and  rotors  were  done  using  hydrostatic 
pressure.  In  the  pressuring  chamber,  the 
seal  between  the  fluid  and  the  ring  was 
formed  with  an  elastomeric  ring  of  square 
cross  section.  Strain  gages  on  the  NOL 
rings  showed  that  there  was  no  undesir¬ 
able  bending  moment  on  the  specimens  dur¬ 
ing  pressurization. 

For  spin  tests,  the  rotors  were 
mounted  on  the  spiked  hub  shown  in  Fig.  1. 
The  rotors  were  slightly  deformed  into  a 
square  shape  for  mounting.  The  rotors 
had  inside  diameters  of  nominally  407  mm, 
varying  from  400  to  408  mm,  depending  on 
the  fiber  used.  The  slight  diameter  dif¬ 
ferences  originate  from  the  radial  growth 
differences  of  each  material  due  to  dif¬ 
ferent  moduli  under  the  stress  of  a  spin 
test.  A  starting  diameter  was  chosen  for 
each  rotor  such  that  at  its  failure  speed, 
the  rotor  would  grow  into  a  circular 
shape  and  yet  still  fit  the  hub.  The 
wall  thickness  of  the  rotors  was  about 
25  mm  in  all  cases.  The  rotors  were  spun 
to  failure ^In  a  vacuum  chamber.  Burst 
could  be  detected  audibly  and  by  changes 
in  rotor  speed,  chamber  pressure,  shaft 
motion,  and  chamber  temperature. 


Fig.  1.  Hub  and  rotor  assembly. 


The  results  of  strand  tensile  tests, 
obtained  on  a  universal  testing  machine, 
are  shown  in  Fig.  2.  There  is  an  optimum 
in  composite  performance  between  60  and 
75  vol%  fiber.  When  these  results  are 
presented  as  fiber  stress  (Fig.  3),  not 
composite  stress,  they  reveal  that  the 
fiber  itself  does  not  give  its  best  per¬ 
formance  when  the  composite  is  low  in 
resin.  This  indicates  that  increasing 
the  fiber  volume  beyond  75%  may  not  neces¬ 
sarily  result  in  the  increase  in  com¬ 
posite  performance  expected  by  many. 


Fig.  2.  Strand  test  results  plotted  as 
composite  failure  stress. 


Fig.  3.  Strand  test  results  plotted  as 
fiber  failure  stress. 
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Fiber  stress  -  ksi  Composite  stress  -  ksi 


Figures  4  and  5  show  the  NOL  ring 
hydroburst  test  results,  plotted  as  com¬ 
posite  stress  and  fiber  stress,  respec¬ 
tively.  In  most  cases,  the  NOL  rings 
show  lower  failure  stresses  than  do  the 
strands.  However,  the  rank  order  of  the 
four  fiber  composites  is  the  same  in  Both 
tests. 

Table  2  gives  the  hydroburst  and 
spin  test  results  for  composite  rotors. 
High  speeds  were  achieved  and  the  failure 
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Fig.  4.  NOL  ring  hydroburst  test  results 
plotted  as  composite  failure  stress. 


Fig.  5.  NOL  ring  hydroburst  test  results 
plotted  as  fiber  failure  stress. 


stresses  in  the  spin  tests  are  essen¬ 
tially  the  same  as  those  in  the  hydro¬ 
burst  test.  This  means  that  the  less 
expensive  rotor  hydroBurst  test  can  be 
used  to  determine  failure  stress  in  spin. 
Figure  6  shows  the  failed  (pulverized) 
rotors  from  the  spin  tests.  This  pulveri¬ 
zation  during  failure  vividly  demon¬ 
strates  the  increased  safety  of  fiber 
composites  over  metal  flywheels. 

Comparison  of  the  NOL  ring  hydro¬ 
burst  results  with  the  rotor  hydroburst 
and  spin  results  shows  that  they  are  the 
same  within  one  standard  deviation,  so 
long  as  the  data  from  specimens  of  the 
same  fiber  volume  are  compared.  Thus, 
this  conventional  laboratory  test,  i.e., 
the  NOL  ring  burst,  can  serve  as  a  good 
indicator  of  spin  failure  stress.  Care 
must  be  taken,  however,  when  using  strand 
test  data  as  a  failure  stress  indicator 
because  strands  usually  perform  better 
than  larger  specimens.  From  Fig.  2  and 
Table  2,  we  see  that  a  factor  is  required 
to  relate  strand  data  to  rotor  data;  this 
factor  may  vary  with  fiber  volume. 

X^en  a  failure  stress  criterion 
alone  is  used  to  compare  materials, 

Kevlar  49  and  S2-glass  composites  rank 
the  highest.  Table  3,  however,  compares 
the  materials  on  criteria  more  pertinent 
to  flywheel  applications:  strength-to- 
density,  energy  density,  and  strength-to- 
density  per  unit  cost.  Thus,  Kevlar  49/ 
epoxy  ranks  highest  in  energy  density  but 
E-glass/epoxy  ranks  highest  when  cost  is 
included. 


CONCLUSION 

In  summary,  we  have  shown  that  the 
relatively  inexpensive  hydroburst  test 
gives  failure  stress  results  statisti¬ 
cally  the  same  as  those  obtained  from  the 
costly  spin  tests.  Hydroburst  results  of 
NOL  rings  were  in  excellent  agreement 
with  rotor  burst  and  spin  test  results. 
Thus,  at  a  given  fiber  volume,  NOL  ring 
burst  data  can  be  used  to  predict  rotor 
performance.  Good  performance  was  ob¬ 
tained  in  spin  tests  from  all  four  mate¬ 
rials  and  the  pulverizing  failure  mode  in 
spin  was  demonstrated.  In  terms  of 
energy  storage  potential,  Kevlar  49/epoxy 
ranks  highest,  but  in  terms  of  energy 
storage  per  unit  cost.  E-glass/epoxy  is 
best. 
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Table  2.  Test  results  for  composite  rotors. 


Composite  Fiber 

Fiber  volume,  failure  failure  Initial  modulus 

%  No.  of  stress,  C.V.,  stress,  C.V.,  of  elasticity, 

ite  (±1  std.  dev.)  Specimens  MPa^>^  MPa  GPa 


Composite  C±1 
Hydroburst  Test 


Kevlar  49/ 
epoxy 

71.3 

± 

1.4 

5 

1810 

5 

2540 

4 

92.2 

^U/0 

Kevlar  29/ 
epoxy 

73.2 

± 

0.9 

5 

1700 

6 

ryl 

2320 

6 

50.8 

7 

S2-glass/ 

epoxy 

70.4 

± 

1.6 

5 

1810 

4 

J73 

2570 

3 

56.0 

E~glass/ 

epoxy 

74.1 

± 

0.6 

5 

986 

8 

1330 

9 

51.2 

Spin  Test 

Kevlar  49/ 

epoxy 

70.3  ± 

1.5 

5 

1720 

11 

2450 

12 

Kevlar  29/ 

Ja  io 

epoxy 

73.0  ± 

2.1 

5 

1540 

12 

2110 

14 

S2-glass/ 

S^JT) 

epoxy 

69.5  ± 

1.1 

5 

1880 

3 

2710 

4 

E-glass/ 

epoxy 

73.7  ± 

1.4 

5 

1520 

11 

1520 

12 

Burst 

speed,  C.V., 
rpm _ 


^Composite  stress  calculated  using  stress  =  8  x  gage  pressure/cross-sect^onal  area. 
^To  convert  from  pascals  to  pounds  per  square  inch,  divide  by  6.894  x  10  . 

^C.V.  =  coefficient  of  variation,  std.  dev. /average  x  100. 
d 

Baaed  on  one  samplo. 


Table  3.  Energy  density  and  cost  of  the  fiber  composite  rotors. 

■  Composite  stress  (a),  MPa",  Energy  densityT 

Composite  Composite  density  (p) ,  Mg/m  J/kg^ 


Composite  stress  (a),  MPa 
Composite  density  (p) ,  Mg/m 


Kevlar  4 9 /epoxy 

=  1260 

1.36 

Kevlar  29/epoxy 

=  1130 

1.36 

S2-glass/ epoxy 

1880  _ 

2.04 

E-glass /epoxy 

o"?o=  511 

2.19 

6.32  X  10' 


5.64  X  10“ 


4.60  X  10“ 


2.53  X  10- 


1260  ^202 

6.25 

2.46 

922  _  fifio 

1:35  " 

IHa  =  913 
0.56 


^To  convert  to  watt-hours  per  pound,  multiply  by  12.6  x  10  . 
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Fig.  6.  Failed  and  unfailed  rotors,  illustrating  the  pulverization  mode  of  failure. 
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COMPARATIVE  PROPERTIES  OF  FIBER  COMPOSITES  FOR  ENERGY  STORAGE  FLYWHEELS 
PART  B:  ENGINEERING  PROPERTIES  OF  COMPOSITES 


Linda  L.  Clements 

Lawrence  Livermore  Laboratory,  University  of  California 
Livermore,  California  94550 


ABSTRACT 

The  LLL  flywheel  program  includes  the  determination  of  engineering  properties  of 
the  composite  materials  which  are  considered  most  likely  to  be  used  in  flywheel  designs. 
Mechanical  as  well  as  thermal  properties  are  determined;  we  have  also  examined  the 
effect  of  the  volume  percent  fiber  on  these  properties.  A  comparison  of  the  properties 
of  filament “Wound  composites  of  three  fibers  —  Kevlar  49,  S2-glass,  and  E“glass  ~  in  the 
same  epoxy  matrix  indicates  that  the  results  of  engineering  property  tests  can  predict 
the  strengths  obtained  in  rotor  spin  and  burst  tests,  if  transverse  as  well  as  longitu- 
dinal  properties  are  considered.  Differences  in  the  relative  properties  of  the  three 
composites  enable  the  flywheel  designer  to  tailor  the  fiber  composite  properties,  by 
careful  choice  of  materials,  to  the  design  requirements. 


INTRODUCTION 

After  the  materials  are  selected  but 
before  a  composite  fl5wheel  can  be  de¬ 
signed,  the  designer  requires  data  on  the 
material  engineering  properties.  The  LLL 
materials  characterization  program  in¬ 
cludes  the  determination  of  thermal  proper¬ 
ties  and  of  mechanical  properties  in  ten¬ 
sion,  compression,  and  shear;  it  also  in¬ 
cludes  an  examination  of  the  effect  of  the 
volume  percent  fiber  on  these  properties. 

In  this  paper,  we  compare  the  properties 
of  filament-wound  composites  made  from 
three  fibers  —  Kevlar  49,  S2-glass,  and 
E-glass^  —  in  the  same  room- temperature- 
curable  epoxy  matrix  (Dow  DER  332  —  Jef- 
famine  T-403).  Details  of  the  character¬ 
ization  of  each  system  have  been  or  will 
be  published  elsewhere^“^;  thus  it  is  our 
purpose  here  to  summarize  and  compare  the 
more  important  results.  Detailed  property 
information  is  given  in  Appendix  A  for  the 
60-vol%  Kevlar  49  composite,  and  in  Appen¬ 
dices  B-D  for  the  60-,  65-,  and  70-vol% 
E-g^ass  composite.  Appendix  E  gives  par¬ 
tial  data  for  the  60-vol%  S2-glass  com¬ 
posite. 


RESULTS 

The  longitudinal  tensile  properties 
of  the  three  60-vol%  composites  are  com¬ 
pared  in  Fig.  1  and  in  Table  1.  The  rela¬ 
tive  strengths  of  the  three  composites  are 
the  same  as  those  reported  for  strand  and 
NOL-ring  burst  tests  in  Part  A  of  this 
report.^  Table  2  compares  data  for  70- 
vol%  composites  with  rotor  burst  and  spin 
test  results.  This  comparison  indicates 
that  the  composite  engineering  data  accu¬ 
rately  predict  the  rotor  burst  and  spin 
test  results  for  all  but  the  Kevlar  49 
composite  (i.e.,  the  strengths  statisti¬ 
cally  overlap  for  all  composites  except 
Kevlar  49) o  It.  is  possible  that  the  Kevlar 
49  composite  performs  poorer  as  a  rotor 
than  is  predicted  from  the  longitudinal 
tensile  results  alone  because  of  its  poor 
transverse  tensile  properties.  The  trans¬ 
verse  tensile  data  for  all  60-vol%  compos¬ 
ites  are  compared  in  Fig.  2  and  in  Table  3. 
As  can  be  seen,  the  Kevlar  49  composite  has 
extemely  low  transverse  tensile  properties, 
particularly  in  comparison  to  the  S2-glass 
composite.  This  is  significant  because 
transverse  tensile  properties  are 


This  woi;k  was  performed  under  the  auspices  of  the  U.S.  Department  of  Energy,  under 
contract  No.  W-7405-Eng“48. 

-j* 

Mention  of  a  company  or  product  name  does  not  imply  approval  or  recommendation  of  the 
product  by  the  University  of  California  or  the  U.S.  Department  of  Energy  to  the  exclusion 
of  others  that  may  be  suitable. 
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Fig.  1,  Comparison  of  longitudinal  tensile 
stress-strain  curves  for  60-vol%  fiber 
composites. 


Table  1.  Comparison  of  longitudinal  tensile  properties  of  60-vol%  fiber  composites. 
Limits  are  for  95%  confidence;  numbers  of  specimens  tested  are  given  in  parentheses. 


Fiber 

composite 


_ Modulus 

GPa  Msl 


Strength 
MPa  ksi 


Strain 

% 


Kevlar  49/epoxy 
S2-glass/epoxy 
E-glass /epoxy 


81.8  ±  1.5  11.9  ±  0.2 

(5) 

56.2  +  2.7  8.2  +  0.4 

(25) 

48.1  ±  0.8  7.0  +  0.1 

(24) 


1850  ±  50  268  ±  7 

(5) 

1615  ±  127  234  ±  18 

(25) 

1022  +  23  148  ±  3 

(22) 


2.33  ±  0.06 
(5) 

2.9 


(estimated) 
2.16  ±  0.11 
(7) 


Table  2.  Comparison  of  composite  strengths  from  longitudinal  tensile  tests  with  those 
from  rotor  spin  and  burst  tests. ^  All  values  are  normalized  to  70-vol%  fiber.  Limits 
are  for  95%  confidence;  nunibers  of  specimens  tested  are  given  in  parentheses. 


Longitudinal 

Fiber  tensile  tests  _ Rotor  spin 

composite  MPa  ksi  MPa  ksi 


Rotor  burst 
MPa  ksi 


Kevlar  49/epoxy 
S2-glass/epoxy 
E-glass /epoxy 


2160  ±  60  313  ±  9  1710  ±  260 

(5)  (5) 

1884  +  148  273  ±  22  1890  ±  70 

(25)  (5) 

1183  ±  29  171  ±  4  1060  ±  170 

(22)  (5) 


248  ±  38 
274  ±  10 
154  ±  25 


1780  ±  120  258  ±  17 

(5) 

1800  +  100  261  ±  15 

(5) 

930  ±  100  135  ±  15 

(5) 
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6  O.li  0.2  0.3 

Strain  —  % 


Fig.  2.  Comparison  of  transverse  tensile 
stress-strain  curves  for  60-vol%  fiber 
composites.  The  dashed  line  indicates 
the  performance  of  "high  quality"  E-glass 
composites. 


particularly  important  in  some  flywheel  de¬ 
signs.  Also  in  Fig.  2  we  see  the  effect  of 
processing  upon  the  properties  of  composites. 
The  solid  line  for  the  E-glass/epoxy  com¬ 
posite  represents  the  result  of  tests  on 
the  average  composite  obtained  by  using 
commercially  feasible  processing  tech¬ 
niques,  whereas  the  dashed  line  represents 
the  results  for  occasionally  obtained  com¬ 
posites  of  "high  quality."  These  "high 
quality"  composites  also  have  longitudinal 
strengths  15%  higher  than  those  of  the 
"average"  E-glass  composite  (Fig.  1, 

Table  1).*  Obviously,  predictable  property 
results  can  be  expected  only  if  flywheel 
material  processing  is  well  controlled  and 
consistent. 

_ 

In  the  time  since  our  work  on  the  E-glass 
composites  was  completed,  we  have  developed 
some  simple  techniques  that  enable  us  to 
produce  "high  quality”  composites  consist¬ 
ently  in  a  commercially  feasible  manner. 


In  Fig.  3  and  in  Table  4  we  compare 
the  in-plane  shear  properties  of  the  three 
composites.  As  with  the  other  properties, 
the  shear  properties  vary  considerably 
among  the  three  composites.  In  some  cases, 
the  designer  may  wish  to  choose  the  mater¬ 
ial  with  these  and  other  property  varia¬ 
tions  in  mind.  Another  way  to  tailor  the 
composite  properties  to  the  design  (Table 
5)  is  to  alter  the  volume  percent  fiber. 
Unlike  the  strand  test  results  reported  in 
Part  A,  but  similar  to  the  results  of  the 
NOL-rlng  burst  tests,  we  have  found  that 
the  dependence  of  composite  longitudinal 
tensile  strengths  follows  the  rule  of  mix¬ 
tures.  Losses  in  strength  due  to  factors 
such  as  composite  dryness  do  occur,  how¬ 
ever,  above  75  vol%  fiber  (70  vol%  for 
E-glass  composites) o 


Shear  strain  ~  % 


Fig.  3.  Comparison  of  In-plane  shear 
stress-strain  curves  for  60-vol%  fiber 
composites.  The  open  circles  indicate 
the  stress  and  strain  values  at  0.2% 
strain  offset. 


Table  3.  Comparison  of  transverse  tensile  properties  of  60-vol%  composites.  Limits  are 
for  95%  confidence;  numbers  of  specimens  tested  are  given  in  parentheses. 

Fiber  _ Modulus _  _ Strength  Strain 

composite  GPa  Msi  MPa  ksl  % 

Kevlar  49/epoxy  5.10  ±  0.10  0.740  ±  0.015  7.9  ±  1.1  1.15  ±  0.16  0.161  ±  0.023 

(5)  (8)  (8) 

S2-glas8/epoxy  15.7  ±  1.0  2.28  ±  0.15  41.0  ±  6.3  5.95  ±  0.91  0.292  +  0.064 

(25)  (11)  (11) 

E-glass/epoxy  12.2  ±  0.7  1.77  ±  0.10  7.7  ±  0.5  1.12  ±  0.07  0.064  ±  0.019 

(5)  (7)  (5) 


Table  4.  Comparison  of  in-plane  shear  properties  of  60-vol%  composites.  Limits  are  for 
95%  confidence;  numbers  of  specimens  tested  are  given  in  parentheses. 


Fiber 

composite 


Modulus 


Stress 


GPa 


Msi 


MPa 


ksi 


Strain 

% 


Kevlar  49/epoxy 
S2-glass/epoxy 
E-glass /epoxy 


1.82  ±  0.09  0.264  ±  0.013 

(5) 

7.41  ±  0.56  1.07  ±  0.08 

(14) 

5.8  ±  0.3  0.84  ±  0.04 

(5) 


24.4  ±  2.4  3.51  ±  0.35 

(5) 

30.4  ±  1.0  4.41  ±  0.14 

(14) 

22.8  ±  1.1  3.31  ±  0.16 

(5) 


1.55  ±  0.16 

(5) 

0.620  ±  0.041 
(14) 

0.600  ±  0.040 
(5) 


^At  0.2%  strain  offset. 


Table  5.  Comparison  of  tensile  strengths  at  three  volume  percentages  of  fiber  for  S2- 
glass  and  E-glass  fiber  composites.  Limits  are  for  95%  confidence;  numbers  of  speci¬ 
mens  are  given  in  parentheses. 


Fiber 

content,  vol% 


Longitudinal  tensile  strength 
MPa  ks i 


Transverse  tensile  strength 
MPa  ksi 


S2-glass/epoxy 

60 

1615 

± 

127 

(25) 

234 

+ 

18 

65 

1750 

± 

138 

(25) 

254 

+ 

20 

70 

1884 

± 

148 

(25) 

273 

± 

21 

E- glass /epoxy 

60 

1022 

+ 

23 

(22) 

148 

± 

3 

65 

1107 

± 

25 

(22) 

161 

± 

4 

70 

1192 

± 

27 

(22) 

173 

+ 

4 

41.0  ±  6.3  5.95  ±  0.91 

(11) 

42.5  ±  3.1  6.17  ±  0.50 

(6) 

43.6  ±  3.4  6.32  ±  0.49 

(5) 

7.7  ±  0.5  1.12  ±  0.07 

(7) 

7.5  ±  1.1  1.09  ±  0.16 

(6) 

6.2  ±  0.5  0.90  ±  0.07 

(3) 


Table  6  compares  the  room- temperature 
thermal  properties  of  60-vol%  Kevlar  49  and 
E-glass  composites.  The  values  are  quite 
different,  again  indicating  that  it  is  pos¬ 
sible  to  tailor  the  composite  to  meet  the 
design  needs  by  the  choice  of  material  and 
of  winding  pattern.  This  is  especially 
true  of  Kevlar  49  composites,  where  the 
unusual  negative  longitudinal  coefficient 
of  thermal  expansion  can  be  used  to  advan¬ 
tage  in  certain  designs. 


CONCLUSIONS 

From  our  comparison  of  the  engineer¬ 
ing  properties  of  composites  made  from 
three  fibers  in  the  same  room- temperature- 
curable  epoxy  matrix,  we  conclude  that 
engineering  property  tests  can  predict  the 
composite  strengths  obtained  in  rotor  spin 
and  burst  tests  if  transverse  and  longi¬ 
tudinal  properties  are  considered.  Also, 
if  composite  processing  is  precisely 
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Table  6.  Comparison  of  thermal  properties  at  room  temperature  for  single  samples  of 
60“vol%  Kevlar  49  and  E-glass  fiber  composite. 


Thermal  property 

Kevlar  49/epoxy 

E-g lass /epoxy 

Linear  coefficient 

of  thermal  expansion: 

Longitudinal,  10  ^/K  (10  ^/®F) 

-4.0  (-2.2) 

6.57  ±  0.53  (3.65  ±  0.29)® 

Transverse,  10“6/K  (10’^/°F) 

79  (44) 

30.0  (16.7) 

Thermal  conductivity: 

Longitudinal,  W/m*K  (BTU/h*ft • °F) 

3.22  (1.86) 

1.17  (0.68) 

Transverse,  W/m*K  (BTU/h*ft*®F) 

0.35  (0.20) 

0.55  (0.32) 

Heat  capacity,  J/kg*K  (cal/g*®C) 

1120  (0.268) 

850  (0.20) 

Three  samples  tested;  limits  are  for  95%  confidence. 


controlled  to  produce  consistent  properties 
careful  materials  selection  can  enable  the 
designer  to  tailor  composite  properties  to 
the  design  requirements. 
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Appendix  A.  Summary  of  preliminary  engineering  design  data  for  a  nominally  60-vol%  sys¬ 
tem  of  Kevlar  49  fiber  (1420  denier,  DuPont),  100  parts  by  weight  DER  332  (bisphenol- 
A-based  epoxy  resin,  Dow  Chemical),  and  45  parts  by  weight  Jeffamine  T-403  (polyether 
triamine,  Jefferson  Chemical).  The  composite  system  was  cured  for  24  h  at  room  temper¬ 
ature  plus  16  h  at  85 ®C,  Where  more  than  one  specimen  was  tested,  the  number  of  speci¬ 
mens  is  given  in  parentheses.  Limits  are  for  95%  confidence;  data  without  confidence 
limits  are  taken  from  a  single  specimen.  Data  in  brackets  are  estimated  from  results 
for  Kelvar  49  in  an  XD  7818/T-403  epoxy  matrix.  See  Ref.  1  for  details  of  the  char¬ 
acterization. 


Mechanical  properties 


a 

Elastic  constants  : 

Longitudinal  Young’s  modulus,  E^^,  GPa 
Transverse  Young’s  modulus,  ^22’ 

Shear  modulus,  Gi2» 

Major  Poisson’s  ratio,  V22 
Minor  Poisson’s  ratio,  V21 


81.8  ±  1.5  (5) 
5.10  ±  0.10  (8) 
1.82  ±  0.09  (5) 
0.310  ±  0.035  (5) 
0.0193  ±  0.0014  (8) 


Ultimates:  _ Tension _  Compression  _ Shear 


Longitudinal  strength,  MPa 
Longitudinal  ulitmate 

1850 

±  50 

(5) 

[235  +  3] 

(6) 

— 

strain,  % 

2.23 

±  0.06 

(5) 

[0,48  ±  0.3] 

(6) 

Transverse  strength,  MPa 
Transverse  ultimate 

7.9  ± 

1.1 

(8) 

[53  +  3] 

(10) 

strain,  % 

Shear  stress  at  0.2% 
offset,  MPa 

Shear  strain  at  0.2% 
offset,  % 

0.161 

±  0.023 

(8) 

[1.41  ±  0.12] 

(6) 

24.4  ± 

1.55  ± 

2.4  (5) 

0.16  (5) 

Thermal  properties 

Linear  coefficient  of  thermal 
expansion,  10  ^/K 

-50®C 

-25*^C 

o°c 

25"C  50”C 

75"C 

lOO^C 

125''C 

Longitudinal 

-3.8 

-3.8 

-3.8 

-4,0  -4.7 

-6.0 

— 

Transverse 

61 

66 

72 

79  87 

150 

214 

214 

Thermal  conductivity,  W/m*K 

Longitudinal 

2.62 

2,84 

3.05 

3.22  3.31 

3.34 

— 

— 

Transverse 

— 

0.27 

0.33 

0.35  0.37 

0.39 

Heat  capacity,  J/kg*K 

840 

930 

1020 

1120  1190 

1300 

- 

— 

^Elastic  constants  are  valid  for  both  tension  and  compression. 
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Appendix  B.  Summary  of  preliminary  engineering  design  data  for  a  nominally  60-vol%  sys¬ 
tem  of  E-glass  fiber  (type  30,  410AA-450,  Owen s- Corning ) ,  100  parts  by  weight  DER  332 
(bisphenol-A-based  epoxy  resin,  Dow  Chemical),  and  45  parts  by  weight  Jef famine  T-403 
(polyether  triamine,  Jefferson  Chemical) o  The  composite  system  was  cured  for  16  h  at 
60 ®C.  Where  more  than  one  specimen  was  tested,  the  number  of  specimens  is  given  in 
parentheses.  Limits  are  for  95%  confidence;  data  without  confidence  limits  are  taken 
from  a  single  specimen.  Data  in  brackets  are  estimated  from  results  of  a  70-vol%  com¬ 
posite  of  the  same  system.  See  Ref.  2  for  details  of  the  characterization. 


Mechanical  properties 


Elastic  constants  ; 


Longitudinal  Young's  modulus 

i,  Ell,  48.14 

±  0.82 

(24) 

Transverse  Young's  modulus, 

E22>  GPa  12.2  ± 

:  0.7 

(5) 

Shear  modulus,  Gi2> 

5.8  ± 

0.3 

(5) 

Major  Poisson's  ratio,  Vj^2 

0.191 

±  0.015 

(24) 

Minor  Poisson's  ratio,  V21 

0.0482 

:  ±  0.0059 

(5) 

Ultimates : 

Tension 

Compression 

Shear 

Longitudinal  Strength,  MPa 

1022  ±  23  (22) 

490  ±  100 

(4) 

— 

Longitudinal  ultimate 

strain,  % 

[2.16  ±  0.11]  (7) 

[1.11  ± 

0.27] 

(4) 

— 

Transverse  strength,  MPa 

7.7  ±  0.5  (7) 

[78  ±  4] 

(11) 

— 

Transverse  ultimate 

strain,  % 

0.064  +  0.010  (5) 

[0.68  ± 

0.10] 

(6) 

Shear  stress  at  0.2% 

offset,  MPa 

— 

— 

22.8  ± 

1.1  (5) 

Shear  strain  at  0.2% 

offset,  % 

— 

— 

0.600  ± 

0.040  (5) 

Thermal  properties 

Linear  coefficient  of  thermal 

-60‘’C 

-20°C 

20 

°C 

50*0 

80°C 

expansion,  10  6/k 

Longitudinal 

6.57  ±  0.53  (3)- 

Transverse 

23.4 

25.9 

30 

.0 

35.3 

104 

Thermal  conductivity^  W/m*K 

Longitudinal 

— 

1.06 

1. 

17 

1.36 

1.46 

Transverse 

— 

-0.5 

— 0 

.55 

—0. 6 

~0. 65 

Heat  capacity,  J/kg*K 

[640] 

[750] 

[850] 

[900] 

[950] 

^Elastic  constants  are  valid  for  both  tension  and  compression. 
^Approximations,  valid  to  within  about  ±20%© 
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Appendix  C.  Summary  of  preliminary  engineering  design  data  for  a  nominally  65“Vol%  sys¬ 
tem  of  E-glass  (type  30,  410AA-450,  Owens-Corning) ,  100  parts  by  weight  DER  332 
(bisphenol-A-based  epoxy  resin,  Dow  Chemical),  and  45  parts  by  weight  Jef famine  T-403 
(polyether  triamine,  Jefferson  Chemical).  The  system  was  cured  for  16  h  at  60®C. 

Where  more  than  one  specimen  was  tested,  the  number  of  specimens  is  given  in  paren¬ 
theses.  Limits  are  for  95%  confidence;  data  without  confidence  limits  are  taken  from 
a  single  specimen.  Data  in  brackets  are  estimated  from  results  of  a  70-vol%  composite 
of  the  same  system.  See  Ref.  2  for  details  of  the  characterization. 


Mechanical  properties 


a 

Elastic  constants  : 

Longitudinal  Young’s  modulus,  ^Pa 

Transverse  Young’s  modulus,  E22> 

Shear  modulus,  0^2 > 

Major  Poisson’s  ratio,  Vi^2 
Minor  Poisson’s  ratio,  V21 


52.15  ±  0.89  (24) 
14.03  ±  0.61  (6) 
6.3  ±  0.5  (12) 
0.207  ±  0.016  (24) 
0.056  ±  0.011  (6) 


Ultimates : 

Tension 

Compression 

Shear 

Longitudinal  strength,  MPa 

1108  ±  25 

(22) 

530  ±  no  (4) 

— 

Longitudinal  ultimate 
strain,  % 

[2.16  ±  0.11] 

(7) 

[1.11  ±  0.27]  (4) 

— 

Transverse  strength,  MPa 

7.5  ±  1.1 

(6) 

[78  ±  4]  (11) 

— 

Transverse  ultimate 
strain, % 

0.054  ±  0.009 

C6) 

[0.68  ±  0.10]  (6) 

— 

Shear  stress  at  0.2% 
offset,  MPa 

_ 

— 

22.4  ±  1.7  (12) 

Shear  strain  at  0.2% 
offset,  % 

- 

— 

0.546  ±  0.045  (12) 

Thermal  properties 

Linear  coefficient  of  thermal 

-eo'c 

-20“C  20''C 

50°C  80°C 

expansion,  10  6/k 
Longitudinal 

Transverse 

6.31  ±  0.51 
20.2 

(3)  - 

22.4  25.6 

30.5  90 

Thermal  conductivity^  W/m*K 

Longitudinal 

— 

1.14  1.26 

1.35  1.44 

Transverse 

— 

0.53  0.59 

0.63  0.68 

Heat  capacity,  J/kg*K 

[640] 

[750]  [850] 

[900]  [950] 

^Elastic  constants  are  valid  for  both  tension  and  compression. 


^Approximation,  valid  to  within  about  ±20%. 
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Appendix  D.  Summary  of  preliminary  engineering  design  data  for  a  nominally  70-vol%  sys¬ 
tem  of  E-glass  fiber  (type  30,  410AA-450,  Owens-Coming),  100  parts  by  weight  DER-332 
(bisphenol-A-bai^ed  epoxy  resin,  Dow  Chemical),  and  45  parts  by  weight  Jeff amine  T-403 
(polyether  triamine,  Jefferson  Chemical).  The  system  was  cured  for  16  h  at  60®C. 

Where  more  than  one  specimen  was  tested,  the  number  of  specimens  is  given  in  paren¬ 
theses.  Limits  are  for  95%  confidence;  data  without  confidence  limits  are  taken  from 
a  single  specimen.  See  Ref.  2  for  details  of  the  characterization. 


Mechanical  properties 


Elastic  constants^: 


Longitudinal  Young’s  modulus,  Eii,  GPa  56 

'.16  ±  0.96 

(24) 

Transverse  Young’s  modulus. 

E22»  GPa  17 

.30  ±  1.04 

(12) 

Shear  modulus, 

7. 

4  ±  0.5 

(4) 

Major  Poisson’s  ratio,  V2^2 

0. 

233  ±  0.017 

(24) 

Minor  Poisson’s  ratio,  V21 

0. 

0681  ±  0.0091 

(12) 

Ultimates: 

Tension 

Compression 

Shear 

Longitudinal  strength,  MPa 

1183  ±  29 

(22)a  570  1 

:  120  (4) 

— 

Longitudinal  ultimate 

strain,  % 

2.16  ±  0.11 

(7)°  1.11 

+  0.27  (4) 

Transverse  strength,  MPa 

6.2  ±  0.5 

(3)^  78  ± 

4  (11) 

— 

Transverse  ultimate 

strain,  % 

0.042  ±  0.030 

(3)  0.68 

±  0.10  (6) 

Shear  stress  at  0.2% 

offset,  MPa 

— 

26.8  : 

t  1.5  (4) 

Shear  strain  at  0.2% 

offset,  % 

— 

— 

0.568 

±  0.023  (4) 

Thermal  properties 

Linear  coefficient  of  thermal 

-60®C 

-20°C 

20°C 

50°C 

80®C 

expansion,  10  6/k 

Longitudinal 

6.07  ±  0.49  (3) 

Transverse 

17.1 

18.9 

21.6 

25.8 

76 

Thermal  conductivity,^  W/m*K 

Longitudinal 

— 

1.23 

1.35 

1.44 

1.53 

Transverse 

— 

0.50 

0.56 

0.58 

0.61 

Heat  capacity,  J/kg*K 

640 

•  750 

850 

900 

950 

Elastic  constants  are  valid 

for  both  tension  and  compression. 

The  longitudinal  tensile  strength  and  ultimate  strain  value  do  not  include  those  from 
four  specimens  of  a  single,  very  clear  (4. e.,  good  resin  impregnation)  composite  which 
gave  average  ultimates  of  1370  ±75  MPa  and  2.4  ±0.2%. 

c 

The  transverse  tensile  strength  data  exclude  four  specimens  from  two  separate  windings 
that  gave  an  average  ultimate  strength  of  17  ±5  MPa. 

^Approximations,  valid  to  within  about  ±20%. 
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Appendix  E.  Summary  of  preliminary  engineering  design  data  for  a  nominally  60-vol%  sys¬ 
tem  of  S2-glass  fiber  (type  P263A-750,  Owens-Coming),  100  parts  by  weight  Dm  332 
(bisphenol-A-based  epoxy  resin,  Dow  Chemical),  and  45  parts  by  weight  Jef famine  T-403 
(polyether  triamine,  Jefferson  Chemical).  The  system  was  cured  for  16  h  at  60  C. 

Where  more  than  one  specimen  was  tested,  the  number  of  specimens  is  given  in  paren¬ 
theses.  Limits  are  for  95%  confidence;  data  without  confidence  limits  were  taken  from 
3  singls  specimen.  See  Ref.  3  for  details  of  the  characterization. 


Elastic  constants  : 

Longitudinal  Young's  modulus,  E^^,  GPa 
Transverse  Young's  modulus,  £22* 

Shear  modulus,  G]_2» 

Major  Poisson's  ratio,  V22 
Minor  Poisson's  ratio,  V2J 


56.2  +  2.7  (25) 
15.7  ±  1.0  (11) 
7.41  ±  0.56  (14) 
0.282  ±  0.031  (25) 
0.079  +  0.014  (11) 


^Elastic  constants  are  valid  for  both  tension  and  compression. 
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TIME-DEPENBENT  PROPERTIES  OF  FIBER  COMPOSITES  FOR 
ENERGY-STORAGE  FLYWHEELS* 


E.  M.  Wu  and  L,  S*  Penn 

Lawrence  Livermore  Laboratory,  University  of  California 
Livermore,  California  94550 


ABSTRACT 


Time-dependent  deformation  and  time-dependent  strength  are  being  characterized 
for  several  candidate  polymeric  composites  for  flywheels.  This  presentation  highlights 
the  motivation  and  the  philosophy  of  the  characterization  adopted  by  the  authors  in 
establishing  the  ongoing  programs  at  LLL.  This  overview  is  intended  to  provide  a  basis 
for  inferring  the  type  of  engineering  data  being  generated  for  different  aspects  of 
flywheel  design*  The  details  of  these  data  can  be  obtained  from  the  published  reports 
and  articles.  Two  aspects  of  flywheel  design  data  are  addressed:  those  dealing  with 
time-dependent  statistical  strength,  and  those  dealing  with  deformation  and  strength 
under  time-varying  history. 


DISCUSSION 

Time-dependent  statistical  strength 
data  are  needed  to  predict  failure  proba¬ 
bilities  for  a  flywheel  operating  under 
various  stresses  associated  with  input, 
storage,  and  output  of  energy.  Stress- 
rupture  tests  at  constant  load  levels  are 
used  as  baseline  benchmarks.  Such  tests 
are  required  because  even  a  nominal  vari¬ 
ation  in  static  strength  (typically  less 
than  5%)  can  lead  to  large  scatter  in 
stress-rupture  life  (in  excess  of  100%), 
as  shown  in  Fig.  1  To  provide  the  neces¬ 
sary  statistical  parameters  for  reliabil¬ 
ity  design,  large  data  samples  from  long¬ 
term*  testing  are  now  being  accumulated  in 
testing  facilities  capable  of  simultane¬ 
ous  testing  of  100  samples  (Fig.  2) ,  The 


type  of  data  being  generated  is  typified 
in  Fig.  3.  From  curves  such  as  these,  we 
can  determine  the  amount  of  derating  in 
stress  level  that  is  required  to  attain 


Fig.  1.  Nominal  scatter  in  static 

strength  data  which  can  result  in  large 
scatter  of  lifetime  predictions. 


Fig.  2.  Stress-rupture  test  for  facil¬ 
ities;  100  stations  are  available  for 
simultaneous  testing  of  many  samples. 


* 

This  work  was  performed  under  the  auspices  of  the  U,S.  Energy  Research  and  Development 
Administration,  under  contract  No.  W-7405-Eng-48. 
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‘posites  often  approach  an  asymptotic 
limit  and  this,  combined  with  the  usual 
material  scatter,  leads  to  a  large  uncer¬ 
tainty,  At,  in  life  prediction  (Fig.  4a). 
Hence,  we  seek  a  damage  function  ^  of  the 
form, 


f (a,e, t,e)dt 


Fig.  3.  Stress-rupture  lifetime  data  for 
several  composite  materials  being  con¬ 
sidered  for  fl3n^heels.  For  S-glass  and 
Kevlar  49  composites,*  2  to  100%  fail¬ 
ure  bands  are  displayed. 

the  desired  degree  of  reliability  in  the 
operating  life. 

Deformation  and  strength  under 
time- varying  history  are  pertinent  in 
assessing  the  dimensional  stability  and 
fatigue  sensitivity  of  materials  employed 
in  flywheel  application.  For  a  flywheel, 
dimensional  stability  is  directly  related 
to  the  hub  attachment  and  containment 
design;  it  is  also  indirectly  related  to 
strength  augmentation  through  prestress¬ 
ing  and  hybrid  designs.  Deformation 
under  time-varying  history  can  be  esti¬ 
mated  from  load-deformation  constitutive 
relations.  We  are  adopting  the  convolu¬ 
tion  integral  form  for  such  reactions: 


In  this  program,  we  record  the  time- 
varying  stress-history  a(t)  and  the  time- 
varying,  strain  history  e(t).  With  these 
data,  we  establish  the  limits  of  linear¬ 
ity  and  qualitatively  determine  the  creep 
compliance  JCt)- 

The  characterization  of  strength 
under  time- varying  load  history  depends 
on  the  identification  of  damage  param¬ 
eters  which  provide  meaningful  engineer¬ 
ing  sensitivity.  A  damage  parameter  may 
be  regarded  as  a  failure  criterion  in 
time.  For  example,  under  stress-rupture 
conditions,  the  creep  strain  e(t)  may  be 
used  as  a  damage  criterion  CFig.  4a). 
However,  creep  strains  for  polymeric  corn- 


such  that  ^  would  exhibit  the  property 
depicted  in  Fig.  4b,  providing  a  higher 
sensitivity  or  a  smaller  uncertainty  of 
life  prediction.  The  exploratory  effort 
to  identify  such  damage  function  requires 
comprehensive  instrumentation  for  record¬ 
ing  the  multitude  of  time-varying  param¬ 
eters,  i.e.,  a(t),  e(t),  t,  0(environ-^ 
ment) .  The  comprehensive  instrumentation 
and  mechanical  testing  are  provided  by 
five  servo-hydraulic  testers  and  44  creep 
and  program- interruptable  creep  machines 
serviced  by  three  computers  for  data 
acquisition  and  data  processing.  A 
sample  of  the  data  being  recorded  is 
shown  in  Fig.  5;  some  intermediate  cycles 
are  expanded  in  Fig,  6. 

The  overall  objective  of  these  pro¬ 
grams  is  to  provide  time- dependent  deform¬ 
ation  and  material  strength  data  in 
sample  sizes  that  are  large  enough  to  be 
statistically  meaningful  as  well  as  to 
present  data  in  quantitative  forms  amen¬ 
able  to  design  applications. 


(a)  (b) 


Fig.  4.  Damage  parameters:  (a)  use  of 
creep  strain  as  a  damage  parameter  may 
result  in  a  large  uncertainty  in  the 
lifetime  prediction;  however,  in  (b)  a 
damage  parameter  is  being  constructed 
to  reduce  the  uncertainty  in  the  life¬ 
time  predictions. 


*Re£erence  to  a  company  or  product  name  does  not  imply  approval  or  recommendation  of 
the  product  by  the  iJniverslty  of  California  or  the  U.S.  Department  of  Energy  to  the 
exclusion  of  others  that  may  be  suitable. 


374 


172800 
Time  —  s 


345600 


0.01000 

0.00900 

0.00800 

0.00700  - 

0.00600  - 

c 

I  0.00500 
^  0.00400 
0.003001 
0.00200 
0.00100 
0.00000 


2000.00  4000.00 

Time  —  s 


-g.  5.  Time- dependent  strain  history  in 
fatigue  of  an  aramid  fiber  strand  com¬ 
posite  exhibiting  accelerated  creep 
strain. 


Fig.  6.  Expanded  plot  of  the  strain 
history  in  fatigue  of  Kevlar  49  strand 
composite  exhibiting  creep  and 
recovery  within  each  stress-cycle. 
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IMPROVED  PERFORMANCE  FOR  HOOP-WOUND  COMPOSITE  FLYWHEEL  ROTORS 


R.  E.  Allred 
Sandia  Laboratories 
Albuquerque,  New  Mexico  87115 


R.  F.  Foral 

Dept,  of  Engineering  Mechanics 
University  of  Nebraska 
Lincoln,  Nebraska  68588 


W.  E.  Dick 

Brunswick  Corporation 
Lincoln,  Nebraska  68504 


ABSTRACT 

Developmental  work  to  date  has  shown  the  performance  of  hoop-wound  composite  fly¬ 
wheel  rotors  to  be  severely  limited  by  composite  transverse  strength.  This  problem  is 
addressed  in  a  joint  experimental  -  analytical  effort  aimed  at  improving  transverse  pro¬ 
perties  and  assessing  the  impact  of  this  improvement  on  fl3rwheel  performance.  An  im¬ 
proved  test  fixture  designed  to  test  hoop-wound  cylinders  in  axial  tension  is  developed. 
Test  results  show  this  specimen  and  test  fixture  produce  more  consistent  data  than  do 
flat  tensile  bars  cut  from  hexagonal  cylinders.  Initial  experimental  results  from  the 
improved  specimen  indicate  that  the  transverse  strength  of  Kevlar  49/epoxy  composites 
could  be  improved  by  30  percent  by  copolymerizing  the  epoxide  matrix  with  an  elastomer. 
The  Impact  of  these  data  on  flywheel  performance  is  predicted  by  a  computer  program 
which  identifies  optimum  designs  for  given  material  properties  on  an  energy-stored-per- 
swept-volume  basis.  A  substantial  improvement  in  performance  is  predicted  -  the  attained 
30  percent  strength  improvement  of  Kevlar  49/epoxy  is  shown  to  produce  a  15  percent  in¬ 
crease  in  energy  stored.  The  analysis  also  permits  multiple-material  designs.  Hybrid 
designs  appear  to  have  considerable  potential  for  increasing  storage  capacity  compared 
to  single-material  designs. 


INTRODUCTION 

The  theoretical  potential  of  high 
strength  filament -wound  flywheels  has  been 
well  publicized.  It  is  recognized,  how¬ 
ever,  that  in  practice  the  performance  of 
these  flywheels  is  significantly  limited 
by  the  transverse  properties  of  the  ma¬ 
terial.  Kevlar  49  composites  in  par¬ 
ticular  exhibit  a  high  degree  of  strength 
anisotropy  due  to  the  poor  transverse 
strength  of  the  fiber  and  its  poor  weta- 
bility.  Two  approaches  can  be  considered 
for  dealing  with  this  problem.  The  first 
and  possibly  the  most  obvious  is  to  in¬ 
crease  the  transverse  strength  of  the 
composite.  Surprisingly,  little  effort 
has  been  spent  in  this  area. 

The  second  approach  is  to  design  the 
flywheel  to  minimize  the  effects  of  trans¬ 
verse  strength.  A  considerable  amount 
*This  work  was  jointly  supported  by  the 
Nebraska,  and  Brunswick  Corporation. 


of  work  has  been  done  in  trying  to  create 
designs  which  avoid  premature  transverse 
failure.  Of  the  designs  that  attempt  to 
address  practical  energy  storage  needs, 
most  tend  toward  the  exotic  and  do  not 
appear  to  be  practical  from  a  fabrication 
or  operational  standpoint. 

This  paper  is  a  joint  experimental- 
analytical  effort.  The  experimental  effort 
is  aimed  at  improving  transverse  properties 
of  composites  and,  in  the  process,  devel¬ 
oped  a  test  fixture  and  test  procedures 
which  produce  consistent  results.  The  ana¬ 
lytical  effort  is  aimed  at  determining  the 
effect  of  improved  transverse  properties  on 
flywheel  performance.  A  computer  program 
was  developed  which  predicts  optimum  de¬ 
signs  for  either  single-material  or  hybrid, 
multiple-material  configurations.  The  pro¬ 
gram  predicts  optimized  designs  on  a  swept- 
volume,  mass  or  total-energy-stored  basis. 
United  States  Dept,  of  Energy,  the  University  of 
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PART  I.  TEST  SPECIMEN  AND  MATRIX  DEVELOPMENT 
INTRODUCTION 

Composite  material  systems  for  rotor 
applications  exhibit  longitudinal-to- 
transverse  strength  ratios  from  25  to  near 
200.  Because  of  its  high  longitudinal 
specific  strength,  Kevlar  A9/epoxy  is  one 
of  the  most  promising  composite  systems  for 
rotor  applications;  however,  it  falls  in 
the  high  end  of  the  strength  anisotropy 
range  due  to  the  low  transverse  strength  of 
the  filament  itself  and  its  poor  wetability. 
Attainment  of  Kevlar /epoxy  composite  fly¬ 
wheels  which  are  both  mass  and  volume  ef¬ 
ficient  would  then  be  facilitated  by  in¬ 
creased  transverse  strength  or  strain 
carrying  capacity  of  the  composite. 

Before  materials  studies  aimed  at 
transverse  strengthening  can  be  conducted 
or  reliable  design  data  obtained,  however, 
an  accurate  test  specimen  is  required. 
Typically,  either  flat  rectangular  bars  cut 
from  filament -wound  plates  or  circumferen¬ 
tially-wound  tubes  have  been  used  for  this 
type  of  test.  Scatter  in  the  data  has  been 
excessive  in  most  cases.  High  coefficients 
of  variation  in  test  data  can  exceed  pro¬ 
perty  improvement  values  which  result  from 
materials  variations  and,  thus,  can  mask 
important  trends.  Each  of  the  above  speci¬ 
mens  has  inherent  disadvantages.  The  bar 
specimen  suffers  from  difficulties  in 
winding  tension  control  during  fabrication 
which,  in  turn,  affects  fiber  spacing  and 
volume  fraction.  The  bar  specimen  is  also 
subject  to  damage  during  machining  and  from 
the  stress  concentrations  present  at  the 
corners  and  edges . 

The  cylindrical  specimen  is  superior 
to  the  rectangular  bar  because  it  is  axi- 
symmetric.  It  is  also  more  representative 
of  the  manufacturing  conditions  which  would 
be  employed  for  a  hoop-wound  fl3rwheel  ro¬ 
tor.  In  addition,  it  is  thought  that  the 
large  amount  of  data  scatter  seen  with  this 
specimen  is  due  to  misalignment  in  the 
testing  machine.  The  tubes  are  generally 
bonded  into  rigid  end  caps  or  overwrapped 
on.  the  ends  with  a  glass  fabric  composite 
which  is  threaded  prior  to  testing.  Mis¬ 
alignment  can  be  introduced  in  these 
bonding  operations  which  will  result  in  the 
application  of  a  bending  moment  to  the 
specimen  during  testing.  This  type  of 
misalignment  cannot  be  fully  compensated 
for  by  the  universal  joint  employed  on 
most  mechanical  test  machines . 


In  Part  I  is  described  a  self-aligning 
specimen  fixture  which  reduces  scatter  in 
the  properties  obtained  from  circumferen^ 
tially  wound  composite  tubes  tested  in  axial 
tension.  Stress-strain  data  are  given  for 
composites  of  Kevlar  49  filaments  in  a  com¬ 
mon,  room- temperature  curable  epoxide  and 
an  elastomer  toughened  formulation.  In 
Part  II ,  the  impact  of  these  data  on  the 
design  of  a  hoop-wound  flywheel  rotor  is 
discussed. 

EXPERIMENT 

A  schematic  of  the  self-aligning  test 
fixture  is  shown  in  Fig.  1.  Self-alignment 
is  attained  by  the  incorporation  of  ball- 
and-socket  joints  in  the  end  caps.  The 
additional  degrees  of  freedom  compensate  for 
the  inherent  misalignment  of  the  specimen. 
The  bearing  surfaces  (sockets)  are  on 
threaded  stainless  steel  cylinders  so  that 
only  one  set  of  joints  is  required  to  test 
a  number  of  specimens.  Stainless  steel  is 
also  used  as  the  ball  material.  Bearing 
surfaces  were  machined  to  a  number  16  fin¬ 
ish  and  coated  with  silicone  grease  prior 
to  each  test.  The  11.1  mm  diameter  hole  in 
the  socket  allows  the  9.5  mm  diameter  rod 
on  .the  ball  to  circumscribe  a  cone  angle  of 
1.3  degrees  on  each  end  of  the  specimen. 


Figure  1.  Schematic  of  self-aligning  test 
fixture  for  the  determination  of  composite 
transverse  tensile  properties. 
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The  actual  components  of  the  test  speci¬ 
men  are  shown  in  Fig.  2.  The  composite 
cylinders  were  bonded  into  a  6  mm  deep, 
2.8  mm  wide  slot  in  the  aluminum  end 
caps  with  an  aluminum- filled  room  tem¬ 
perature  cureable  epoxy  adhesive.  A 
square  was  used  to  attain  alignment  be¬ 
tween  the  tube  and  end  caps.  One  end 
cap  was  bonded  in  place  and  allowed  to 
cure  overnight  before  attachment  of  the 
second  endcap.  It  should  be  noted  that 
at  no  time  during  testing  did  the  rod 
assume  the  full  1.3  degree  angle  and 
contact  the  sides  of  the  socket  cylin¬ 
der;  thus,  the  opening  in  the  socket 
cylinder  is  adequate  to  compensate  for 
the  amounts  of  misalignment  created 
through  the  bonding  procedure. 


The  composite  test  specimens  were 
fabricated  by  wet  filament  winding  on 
a  77.2  mm  diameter  aluminum  mandrel. 
4560  denier  Kevlar  49  filament  was 
impregnated  with  DER  332/ Jeff amine 
T403  (100:36)  epoxy  in  a  resin  bath 
and  wound  under  13.7  N  tension.  The 
yarn  was  dried  12  hours  at  150°C  and 
stored  in  a  dessicated  box  prior  to 
use.  Winding  was  accomplished  from  the 
dessicated  box  such  that  contact  with 
ambient  conditions  lasted  only  a  few 
seconds.  The  composites  were  cured  3 
days  at  room  temperature  and  removed 
by  chilling  the  mandrel  from  the  in¬ 
side  with  liquid  nitrogen.  The  dif¬ 
ferential  thermal  expansion  between 
the  composite  and  mandrel  allowed  the 
composite  to  be  easily  removed,  A 
toughened  version  of  the  matrix  resin 
was  also  combined  with  the  Kevlar  49 
filament.  Toughening  was  accom¬ 
plished  by  the  addition  of  either 
6  or  15  parts  by  weight  of  amine- 
terminated  butadiene/acrylonitrile 
(ATBN)  and  1  part  DMP-30  (tridimethyl 
aminomethyl  phenol)  accelerator  per 
100  parts  DER  332.  All  other  winding 
parameters  were  held  constant.  Fila¬ 
ment  volume  fractions  of  52-55  per¬ 
cent  were  determined  by  dissolu¬ 
tion.  ^ 


For  purposes  of  comparison,  an 
equivalent  set  of  rectangular 
specimens  was  fabricated  by  winding 
on  an  hexagonal  A1  mandrel  with  150 
mm  flats.  The  bar  samples  were 
machined  to  12.5  and  25.0  mm  widths 
hy  6.3  mm  thickness.  Castings  of 


the  neat  resins  were  also  prepared  and  ma¬ 
chined  into  6.3  mm  diameter  cross-section 
tensile  specimens  for  the  determination  of 
matrix  properties.  The  as-wound  composite 
tubes  were  machined  to  a  wall  thickness  of 
2.5  mm  and  a  length  of  90  mm.  All  machined 
surfaces  were  sealed  with  332/T403  epoxy 
before  testing.  Three  uniaxial  strain  ga¬ 
ges  were  mounted  at  the  midpoint  of  the 
cylindrical  specimens,  120°  apart.  Tensile 
load  was  applied  to  the  gaged  specimens  in 
222  N  increments  by  manual  movement  of  the 
testing  machine  crosshead.  Strains  were 
recorded  at  each  load  increment  up  to 
failure.  All  ungaged  specimens  were  tes¬ 
ted  in  tension  at  a  crosshead  rate  of  0.5 
mm/min.  Strains  of  the  neat  resin  samples 
were  monitored  with  a  strain  gage  exten- 
someter.  The  rectangular  composite  speci¬ 
mens  were  tested  for  strength  only. 

RESULTS  AND  DISCUSSION 

The  specimen  fixturing  discussed 
above  is  designed  to  impart  a  uniform 
stress  state  and  thus  reduce  the  misalign¬ 
ment  inherent  to  tubular  specimens.  Mis¬ 
alignment  of  a  test  specimen,  which  results 
in  an  applied  moment,  will  be  observed  as  a 
large  deviation  in  the  strain  gage  readings 
at  a  given  applied  load.  To  provide  a 
basis  for  comparison  with  the  self-aligning 
fixture,  the  data  from  Ref.  3  were  examined 
for  the  rigid-end  loading  condition.  An 
average  coefficient  of  variation  (CV)  for 
the  gage  readings  on  the  Kevlar  49/epoxy 
tube  tests  was  found  to  be  7.8  percent. 
Thornel  75/epoxy  exhibited  a  CV  of  7.5 
percent  and  Thornel  400/epoxy  was  6.4  per¬ 
cent.  These  data  result  in  an  average  CV 
of  7.2  percent  for  the  rigid  loading  con¬ 
dition  based  upon  30  specimens.  Strain 
gage  readings  from  specimens  tested  with 
the  self-aligning  fixture  show  an  average 
agreement  (CV)  within  3  percent.  The  im¬ 
pact  of  reducing  bending  moments  on  the 
specimen  is  seen  in  the  strength  data 
given  in  Table  I.  A  comparison  of  the 
332-T403  matrix  tube  data  shows  that 
scatter  has  been  reduced  nearly  50  percent 
with  the  improved  fixture.  The  more  uni¬ 
form  stress-state  also  produces  a  40%  im¬ 
provement  in  the  determined  transverse 
strength  over  the  rigid-end  samples.  The 
high  scatter  and  lower  strength  determined 
with  the  bar  specimens  is  probably  due  to 
the  stress  concentrations  and  handling 
difficulties  previously  discussed  for  that 
specimen. 

The  value  of  the  improved  specimen  is 
illustrated  in  experiments  conducted  on 
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Figure  2.  Components  of  self-allgning  fixture 
showing  end  caps,  ball  and  socket  joint  and 
composite  specimen. 


(a)  (b) 

Figure  3.  Scanning  electron  micrographs  of  Kevlar  49/epoxy  transverse 
fracture  surfaces,  (a)  332/T403/ATBN/DMP-30  (100:36:6:1)  matrix. 

(b)  332/T403  (100:36)  matrix.  (200X) 


380 


the  toughened  matrix.  The  addition  of  ATBN 
increased  the  measured  strength  and  reduced 
scatter  in  the  data  with  each  type  specimen. 
However,  only  with  the  improved  specimen 
does  the  effect  appear  statistically  sig¬ 
nificant.  The  effect  of  ATBN  on  the  trans¬ 
verse  strength  of  Kevlar/epoxy  has  a  sig¬ 
nificant  effect  upon  the  storage  capacity 
of  Kevlar-reinforced  flywheels  (discussed 
in  Part  II  of  this  paper) .  The  consistency 
from  specimen  to  specimen  with  the  self¬ 
aligning  fixture  is  also  evident  in  other 
mechanical  properties  as  shown  in  Table  II. 

Based  on  the  data  presented  in  Table 
II,  several  observations  may  be  made.  The 
reduction  in  composite  transverse  stiffness 
due  to  the  addition  of  ATBN  is  very  slight 
compared  to  the  increases  seen  in  strength 
and  ultimate'^  elongation.  The  data  in 
Table  II  indicate  that  these  changes  occur 
with  small  additions  of  ATBN  to  332/T403. 
Apparently,  ATBN  reduces  the  sensitivity  of 
the  composite  to  filament  winding  flaws  or 
filament  splitting  and  allows  the  trans¬ 
verse  strength  of  the  composite  to  approach 
that  of  the  resin.  One  would  also  expect 
that  such  an  increase  in  toughness  would 
also  raise  the  fatigue  endurance  limit  of 
the  composite. 


enhance  the  properties  developed  in  this 
study. 


PART  II.  FLYWHEEL  PERFORMANCE 
INTRODUCTION 

To  judge  the  impact  of  improved  trans¬ 
verse  properties  on  flywheel  performance, 
we  choose  a  flywheel  of  simple  hoop-wound, 
constant  thickness  configuration.  This  de¬ 
sign,  essentially  a  flat  rim,  has  important 
cost,  manufacturing,  and  efficiency  ad¬ 
vantages.  We  use  it  as  a  study  vehicle 
and  propose  to  proportion  and  configure  the 
wheel  to  produce  maximum  performance.  To 
measure  performance  of  a  design,  kinetic 
energy  per  swept  volume  (U/V)  is  used  as 
the  object  function,  A  computer  program  is 
developed  which  can  work  for  either  single 
material  or  hybrid,  multiple  material  de¬ 
signs.  The  computer  program  is  used  to 
numerically  study  performance  character¬ 
istics,  the  importance  of  transverse  pro¬ 
perties,  and  the  impact  of  improved  trans¬ 
verse  properties  and  hybrid  configurations 
on  optimized  flywheel  performance. 

COMPUTATIONAL  PROCEDURE 


Visual  examination  of  composites  con¬ 
taining  ATBN  exhibit  much  cleaner  fracture 
surfaces.  The  reduced  number  of  exposed 
filaments  would  indicate  less  fiber  split¬ 
ting  or  better  wetting  with  the  ATBN.  A 
detailed  examination  of  the  surfaces  with 
the  scanning  electron  microscope  failed  to 
resolve  a  mechanism.  As  seen  in  the  micro¬ 
graphs  shown  in  Fig.  3,  the  ATBN  seems  to 
exhibit  better  wetting;  however,  it  is  more 
likely  that  the  increased  toughness  of  the 
ATBN  matrix  allows  the  composite  near  the 
fracture  plane  to  remain  intact,  whereas 
the  more  brittle  matrix  (without  ATBN) 
shatters  and  releases  the  filaments  near 
the  fracture  zone. 

From  the  neat  resin  data  given  in 
Table  III  and  the  composite  data  in  Table 
II,  it  can  be  determined  that  the  compo¬ 
sites  containing  ATBN  fail  at  72  percent  of 
the  resin  strength  on  a  net  section  basis. 
Also,  the  composite  is  virtually  linear 
elastic  to  failure  (Table  II).  These  ob¬ 
servations  lead  to  the  conclusion  that 
further  additions  of  ATBN  would  not  in¬ 
crease  the  transverse  strain  carrying  ca¬ 
pacity  of  this  composite  system  because  of 
the  reduction  in  strength  of  the  neat 
resin.  Other  materials  improvements  such 
as  filament  coatings,  better  wetting  ma- 
trlcies,  or  lower  void  content  may  further 


In  this  section,  the  basic  equations 
and  logic  of  the  optimization  program  are 
described  as  well  as  some  fundamental  re¬ 
sults.  The  basic  element  in  the  analysis 
is  a  symmetrical  ring  of  uniform  thickness 
with  mass  density  p  rotating  at  a  constant 
speed  0).  At  the  radius  r,  the  radial  and 
tangential  stresses  and  satisfy  force 
equilibrium 


d  /  N  .22^ 

(r0^)  -  0g  +  PO)  r  =0  (1) 

and  the  corresponding  strains  are 


e 


r 


du 
dr  * 


(2) 


in  terms  of  the  radial  displacement  u. 
For  the  conditions  of  plane  stress,  the 
stresses  and  strains  are  related  by 


r  0 

-  "9r  Eg 

!§.  !£ 

Eq  "  \0  E^ 


(3) 


in  terms  of  radial  and  hoop  elastic  moduli 
E^  and  £9  and  Poisson's  ratios  and 
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The  flywheel  is  assumed  to  be  stress  free 
at  its  inner  and  outer  edges,  r=a  and  r=b, 
so  that 


a 


r 


=  0, 

r=a 


(4) 


When  more  than  one  material  is  used  in  the 
flywheel  design,  there  must  be  stress  and 
displacement  continuity  between  material 
layers.  Thus 


must  be  satisfied  at  the  interface  radius 

r . . 

1 

Closed-form  solutions  for  single  ma¬ 
terial  flywheels  (Eqs.  (l)-(4))  are 
available  in  the  literature.^  Other 
sources^ 5^  consider  layered  constructions 
of  more  than  one  material  and  produce  nu¬ 
merical  solutions. 

The  programming  of  Newhouse^  is  used 
as  our  core  routine;  given  the  wheel  ge¬ 
ometry,  material  properties,  temperature 
change*  and  angular  speed,  the  program 
calculates  stresses,  strains,  etc.,  at 
points  radially  through  the  wheel.  For 
given  material  properties  and  geometry, 
the  stresses  are  first  calculated  for  unit 
angular  speed.  Since  the  stresses  vary  as 
the  square  of  angular  speed,  the  critical 
angular  speed  03^  can  then  be  found  knowing 
the  allowable  radial,  S^,  and  hoop,  , 
stresses.  Once  the  critical  speed  is 
found,  other  quantities  of  interest  can  be 
calculated . 

The  optimization  routine  is  a  simple, 
straight-forward  procedure.  For  given 
material  properties,  an  incremental  se¬ 
quence  of  geometries  is  analyzed.  The 
program  automatically  selects  the  a/b 
ratio  and,  if  appropriate,  the  hybrid  ma¬ 
terial  radial  thicknesses  that  result  in 
the  maximum  energy  per  unit  swept  volume. 
The  neighborhood  around  this  geometry  is 
then  reanalyzed  with  a  finer  mesh,  re¬ 
peating  as  often  as  desired. 


equations  are  simple  enough  that  such  a  se¬ 
quence  of  runs  can  be  made  at  a  relatively 
low  cost.  Examining  behavior  as  geometry 
is  sequenced  provides  insight  into  design 
change  effects.  Until  knowledge  of  design 
change  effects  is  sufficiently  developed, 
this  procedure  provides  some  protection 
against  selecting  an  incorrect  local  maxi- 
mun  in  the  presence  of  multiple  maximums. 

The  performance  calculations  are  con¬ 
ducted  for  unit  outer  radius  b.  Sequencing 
the  geometry  involves  varying  the  a/b  ratio 
and  thus  the  inner  radius  a,  but  at  constant 
swept  volume.  With  swept  volume  thus  es¬ 
tablished,  maximizing  U/V  is  the  same  as 
maximizing  the  energy  stored  within  the 
envelope. 

The  effect  of  geometry  sequencing  is 
seen  in  Fig.  4.,  where,  for  a  given  ma¬ 
terial,  energy  per  swept  volume  is  plotted 
vs  radius  ratio.  Relatively  thick  rings 
(low  a/b  ratio)  show  a  radial  failure.  As 
material  is  removed  (a/b  increases) ,  U/V 
increases  and  reaches  a  maximum,  at  which 
point  simultaneous  radial  and  hoop  failure 
occur.  All  a/b  values  to  the  right  of  the 
peak  in  Fig.  4  show  hoop  failures.  Thus, 
given  a  volume  envelope,  material  may  be 
added  to  Increase  energy  but  there  is  a 
limit  at  which  the  energy  peaks.  Adding 
material  past  this  limit  produces  an  energy 
loss.  At  the  energy  peak,  simultaneous 
hoop  and  radial  failure  occur. 

X  -  «  3  p  -  .05  =  2  ksi 

-  200  ksi 


Figure  4.  Single-Material  Flywheel  Per¬ 
formance  as  a  Function  of  Radius  Ratio. 


IMPORTANCE  OF  TRANSVERSE  PROPERTIES 


This  sort  of  optimization  routine  is 
satisfactory  as  an  initial  estimate.  The 
*Except  for  a  brief  discussion  later,  the 
effects  of  temperature  change  will  be 
neglected  here. 


It  is  well  known  that  flywheel  designs 
have  been  severely  limited  by  the  material 
transverse  properties.  In  this  section  the 
computer  program  discussed  above  is  used  to 
show  the  importance  of  transverse  properties 
on  flywheel  performance. 
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■  200  ksi 


Figure  5.  Single-Material  Flywheel  Per¬ 
formance  for  Various  Transverse  Strength 
Values . 

Figure  5  shows  energy  per  swept 
volume  vs  radius  ratio  for  a  sequence  of 
transverse  strength  values  S^,  all  other 
material  properties  remaining  constant . 
Each  transverse  strength  shows  a  maximum 
U/V  at  a  specific  a/b  ratio.  As  trans¬ 
verse  strength  increases,  the  maximum 
energy  increases,  occurring  at  decreasing 
a/b  ratios  (i.e.  thicker  rings).  In  each 
case,  the  peak  represents  occurrence  of 
simultaneous  radial  and  hoop  failures. 

Figure  6  plots  predicted  energy  per 
swept  volume  vs  transverse  strength  for  a 
sequence  of  anisotropy  ratios,  A  (X  = 
/Eq/E  ) .  The  energy  values  plotted  in 
Fig.  S  are  maximum  attainable  values  such 
as  are  plotted  in  Fig.  5.  In  fact,  the 
values  of  the  peaks  from  Fig.  5  (X=3)  are 
plotted  as  one  of  the  curves  in  Fig.  6. 

-  2001(51  p-.05IWin'^  ^ 


Figure  6.  Effect  of  Transverse  Strength 
and  Anisotropy  on  the  Potential  Performance 
of  Optimized  Thick-Ring  Flywheels. 


From  Fig.  6  we  note  that  attainable  per¬ 
formance  is  increased  if  either  transverse 
strength  is  increased  or  anisotropy 
ratio  X  is  increased.  The  latter  can  be 
accomplished  by  either  decreasing  the 
transverse  modulus  of  elasticity  E^  or  in¬ 
creasing  the  hoop  modulus  E^ . 

The  range  of  and  X  depicted  in 
Fig.  6  covers  the  range  of  probable  values 
encountered  in  existing  composites.  All 
of  the  calculations  upon  which  Fig.  6  are 
based,  except  for  the  highest  X  and 
values,  showed  peak  hoop  stress  Oq  occur¬ 
ring  at  the  inner  edge  of  the  wheel.  Using 
existing  solutions  which  express  00  as  a 
function  of  r  (Ref.  5)  we  can  write 


r=a 


(6) 


Maximum  radial  stress  occurs  at  inter- 
mediate  radius  r_,  where  the  derivative  of 
o^  with  respect  to  r  is  zero.  Thus,  once 
again  using  the  solution  in  Ref.  (5),  we 
can  write 


and 


(7) 


(8) 


Equations  (6) ,  (7)  and  (8)  are  a  set  of 
three  equations  requiring  simultaneous 
radial  and  hoop  failure.  These  equations 
were  solved  numerically  using  Newton- 
Raphson  iteration  to  produce  a  solution  for 
the  radius  ratio  a/b,  the  critical  angular 
velocity  o)^,  and  the  location  r^^^.  These 
a/b  and  o)^  values  are  those  to  which  the 
optimization  routines  converge.  Thus  the 
above  analysis  provides  a  direct  solution 
for  the  best  performance  in  cases  where 
the  maximum  hoop  stress  does  indeed  occur 
at  the  inner  edge. 


FLYWHEEL  PERFORMANCE  IMPROVEMENTS 


Table  IV  summarizes  material  proper¬ 
ties  of  the  high  performance  composites 
which  will  be  considered.  Included  in  the 
table  are  the  improved  properties  attained 
by  ATBN  modification  of  Kevlar  49-Epoxy,  as 
reported  in  Part  I.  These  materials  will 
be  used  in  both  single  material  designs  and 
hybrid,  multiple  material  designs. 

Single  Material  Designs.  We  first  con¬ 
sider  Kevlar  49  flywheels  and  the  perfor.-- 
mance  improvements  accomplished  by  the 
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transverse  property  improvements  due  to 
adding  ATBN.  The  results  are  plotted  in 
Fig.  7  as  energy  per  swept  volume  vs  radius 
ratio  a/b.  As  reported  in  Part  I,  adding 
ATBN  increases  the  transverse  strength 
from  2.28  ksi  (15.7  MPa)  to  2.96  ksi 
(20.4  MPa),  a  30%  increase;  the  transverse 
modulus  decreases  from  685  ksi  to  661 
ksi,  about  a  4%  decrease.  Due  to  these 
changes,  we  note  in  Fig.  7  that  performance 
has  improved  from  .841  Wh/in^  to  .966 
Wh/in^,  a  15%  improvement. 


mance.  The  values  shown  correspond  to  a 
unit  outer  radius  b=l.  Corresponding 
values  for  other  outer  radii  can  be  ob¬ 
tained  by  simply  dividing  the  value  given 
in  Table  V  by  the  desired  radius.  As  an 
example,  a  1  inch  radius  Kevlar  49  wheel 
has  a  critical  angular  velocity  of  388,000 
KPM,  as  given  in  Table  V.  A  10  inch  radius 
Kevlar  49  wheel  spins  at  38,800  RPM  for 
best  attained  performance.  Of  course,  the 
energy-per- swept -volume  parameter  is  in¬ 
dependent  of  outer  radius. 


12,800  ksi  Sg  ■  200  ksi  p  •  .05  lb. /in.^ 


Figure  7.  Effect  of  the  Improved  Trans¬ 
verse  Properties  on  the  Performance  of  a 
Kevlar  49  Flywheel. 

Predicted  performances  on  an  energy- 
per-  swept-  volume  basis  for  the  Kevlars  and 
for  Thornel  300  and  S  Glass  are  listed  in 
Table  V  along  with  the  corresponding  a/b 
ratios.  We  note  that  the  Thomel  and  S 
Glass  wheels  performed  better  than  Kevlar 
according  to  the  energy-per-swept-volume 
criteria.  Energy  per  unit  mass  often  is 
proposed  as  a  performance  measuring  cri¬ 
teria.  With  these  single-material  wheels, 
however,  this  criteria  produces  the  thin¬ 
nest  wheels  (highest  a/b  ratio)  as  best, 
which  is  not  a  practical  solution.  For 
the  proportions  determined  by  the  energy- 
per-swept-volume  criteria,  we  list  in 
Table  V  the  corresponding  energy  per  unit 
mass.  The  Kevlars  attain  highest  per¬ 
formance  under  this  criteria,  although 
adding  ATBN  has  actually  decreased  this 
parameter. 

The  critical  angular  velocity  lis¬ 
ted  in  Table  V  is"^  the  angular  velocity 
which  produces  the  best  attained  perfor- 
tEarly  results  indicated  this  value  to  be 
about  2.5  ksi.  As  such,  the  computer  ana¬ 
lysis  was  conducted  for  2.15  ksi  rather 
than  the  final  average  value  of  2.28  ksi. 


Hybrid  Designs.  Considerable  improvement 
in  performance  can  be  attained  by  com¬ 
bining  materials  in  a  flywheel  design.  We 
have  conducted  preliminary  studies  of  op¬ 
timized  designs  for  two  and  three  layer 
configurations.  The  logic  and  some  results 
are  presented  below. 


The  proper  scheme  of  material  place¬ 
ment  is  demonstrated  by  a  simple  analysis 
using  Eqs.  (1)  through  (4).  With  the  idea 
that  performance  can  be  severely  restricted 
by  transverse  properties,  we  first  inves¬ 
tigate  the  condition  where  transverse 
strain  is  zero.  Analytical  manipulation, 
not  shown  here,  produces  the  requirement 
that  hoop  modulus  to  density  ratio  Eq/p 
must  vary  as  the  radius  squared,  i.e.. 


0)  (1  -  2 

^  =  0  ^  Eg/P  =  - -  r  .  (9) 


Requiring  transverse  stress  to  vanish  pro¬ 
duces 


(3+Vq  ) 

=  0  Eg/p  =  cr  (10) 

where  c  is  a  constant  of  integration. 
Equations  (9)  and  (10)  imply  that  materials 
should  be  placed  so  that  Eg/p  increases 
with  increasing  r.  This  criteria  is  used 
in  the  hybrid  designs  below. 


The  computer  program  handles  multiple 
material  designs  in  a  manner  similar  to 
single  material  designs,  i.e.,  a  sequence 
of  geometries  is  scanned  and  the  best  per¬ 
former  selected,  the  process  being  re¬ 
peated  at  a  finer  mesh  as  often  as  desired. 
With  a  two  material  hybrid  design,  however, 
the  radius  ratio  a/b  as  well  as  the  thicks 
ness  ratio  t^/t.  must  be  scanned.  Here, 
is  the  radial  thickness  of  the  outer  ma¬ 
terial  layer,  t^  the  thickness  of  the  inner 
material. 


A  scan  of  performance  variation  with 
geometry  is  shown  in  Fig.  8,  where,  for  a 
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Energy  per  swept  volume, 


Figure  8.  Performance  Surface  for  a  Kev¬ 
lar  49/S  Glass  Reinforced  Hybrid  Flywheel, 


configuration  with  S  Glass  on  the  inside, 
Kevlar  49  on  the  outside,  U/V  is  plotted 
vs  a/b  and  the  natural  logarithm  of  the 
thickness  ratio.  In  t2/t^.  As  is  apparent 
in  Fig.  8,  the  grid  is  somewhat  coarse, 
but  the  plot  does  show  the  configuration 
of  the  energy  surface,  indicating  a  region 
of  geometries  producing  best  performance. 
The  maximum  attained  with  this  mesh  is 
reached  at  a/b  =  0.605  and  In  t2/tj^  =  0.20 
(i.e.  t2/t]^  ==  e”0'20  =  0.819)  with  the 
performance  being  1.659  Wh/in^. 

Table  VI  shows  predicted  performance 
and  corresponding  geometry  for  three  hybrid 
designs.  The  maximum  performance  design 
for  the  hybrid  systems  is  not  so  clear  cut 
as  with  a  single  material.  Almost  equal 
maximums  for  slightly  different  configura¬ 
tions  were  noticed  in  the  numerical  output, 
introducing  the  possibility  of  multiple 
solutions.  Analytical  studies  are  planned 
to  produce  a  more  complete  knowledge  of 
the  energy  surface,  similar  to  what  was 
done  for  the  one  material  configurations. 

Comparing  the  results  in  Table  V  and 
VI  shows  that  a  significant  improvement  in 
attained  energy  per  swept  volume  is  ac¬ 
complished  by  hybrid  wheels  over  single  ma¬ 
terial  wheels.  This  improvement  is  shown 
in  bar  graph  form  in  Fig.  9.  Table  VI 
lists  the  energy  per  unit  mass  for  each 
design,  even  though  the  designs  have  not 
been  configured  to  optimize  this  para¬ 
meter.  When  optimized  with  respect  to 
energy  per  unit  mass,  the  two-material 
wheels  with  a  given  t2/tj_  approach  a  zero 
thickness  ring.  As  with  the  case  of 
single-material  wheels,  this  solution  does 
not  provide  practical  energy  storage  ca¬ 
pacity.  The  critical  angular  speeds,  o)^ 


Figure  9.  Attainable  Performance  -  Single- 
Material  and  Two-Material  Designs. 

shown  in  Table  VI  are  analogous  to  those 
given  in  Table  V. 

The  two  S  Glass-Kevlar  49  designs 
listed  in  Table  VI  attained  their  perfor¬ 
mance  with  essentially  simultaneous  hoop 
and  radial  failure  in  both  inner  and  outer 
rings.  The  Kevlar  29  -  Kevlar  49  design 
does  hot  attain  this  condition.  Simul¬ 
taneous  hoop  and  radial  failure  is  attained 
in  the  Kevlar  49  outer  ring,  and,  while 
radial  failure  does  occur  in  the  inner 
ring,  the  maximum  hoop  stress  is  40  ksi 
below  the  allowable  180  ksi  value  for 
Kevlar  29.  Why  simultaneous  failure  is 
accomplished  for  one  material  combination 
and  not  for  another  is  not  completely 
understood.  Further  study  is  in  progress 
to  resolve  this  anomaly. 

Preliminary  numerical  runs  have  been 
made  with  hybrid  flywheels  containing  three 
materials .  One  indication  produced  by  the 
work  so  far  is  that,  with  particular  ma¬ 
terials  ordering,  a  two  material  configu¬ 
ration  is  chosen  in  preference  to  any  three 
material  design;  one  of  the  materials  is 
discarded  in  the  optimization  procedure. 
This  Indication  also  points  to  the  need  for 
further  understanding  of  material  placement 
effects  on  hybrid  flywheel  performance. 
Temperature  change  will  affect  flywheel 
performance,  perhaps  significantly  in  some 
designs.  Capability  to  calculate  tempera¬ 
ture  change  effects  has  been  incorporated 
into  the  computer  program  and  numerical  in¬ 
vestigations  are  in  progress. 
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CONCLUSIONS 


The  results  of  this  joint  experimental- 
analytical  study  on  the  effect  of  trans¬ 
verse  composite  properties  on  flywheel 
rotor  performance  allow  the  following  con¬ 
clusions: 

(1)  The  addition  of  amine-terminated 
butadiene/acrylonitrile  (ATBN)  into 
a  Kevlar  49 /epoxy  composite  system 
in  small  amounts  increases  the  com¬ 
posite  transverse  strength  and 
elongation  by  30  percent.  Such  in¬ 
creases  can  have  a  significant 
effect  on  the  energy  storage  ca¬ 
pacity  of  a  Kevlar-reinforced  fly¬ 
wheel.  Higher  concentrations  of 
ATBN  reduce  these  properties  in 
proportion  to  the  strength  re¬ 
duction  of  the  neat  resin.  Fur¬ 
ther  increases  in  the  transverse 
strain  carrying  capability  of 
Kevlar  49/epoxy  will  probably  have 
to  be  based  on  improving  the 
filament-matrix  interfacial  bond. 

(2)  The  experimental  results  were  ob¬ 
tained  with  the  use  of  an  improved 
fixture  for  testing  transverse  ten¬ 
sile  properties  of  filament -wound 
tubes.  The  improved  fixturing  in¬ 
corporates  ball-and-socket  adaptors 
to  compensate  for  the  inherent  mis¬ 
alignment  of  tubular  specimens  with 
rigid-end  caps.  The  more  uniform 
tensile  stress  state  produced  by 
this  fixture  greatly  decreases 
scatter  in  the  composite  data  and 
results  in  increased  determined 
strengths  and  elongations  for 
Kevlar  49/epoxy. 

(3)  A  computer  program  has  been  de¬ 
veloped  to  calculate  optimum  hoop- 
wound  flywheel  proportions  for 
given  material  properties  in  ei¬ 
ther  single-material  or  multiple- 
material  designs.  Analytical  re¬ 
sults  indicate  that  transverse 
properties,  specifically  modulus 
and  strength,  have  a  significant 
effect  on  the  performance  of  hoop- 
wound  composite  wheels  and  that 
substantial  improvements  in  per¬ 
formance  can  be  accomplished  with 
hybrid,  multiple-material  designs. 

(4)  Additional  analytical  and  experi¬ 
mental  work  should  be  undertaken 
to  understand  hybrid  flywheel  per¬ 
formance.  Particular  topics  to 


investigate  include  material  pro¬ 
perties  optimization,  materials 
placement  optimization  and  tempera¬ 
ture  effects. 

ACKNOWLEDGEMENT 

The  authors  are  indebted  to  H.  K. 

Street  for  his  contributions  to  the  de¬ 
velopment  of  the  self-aligning  fixture 

and  for  conducting  the  experimental  as¬ 
pects  of  this  study. 

REFERENCES 

1.  D.  L.  Hagen  and  A.  G.  Erdman,  "Fly- > 
wheels  for  Energy  Storage:  A  Review 
with  Bibliography,"  Proc.  of  ASME 
Design  Engr.  Conf . ,  Quebec,  Sept. 

1976,  paper  76-DET-96. 

2.  R.  E.  Allred  and  N.  H.  Hall,  "Volume 
Fraction  Determination  of  Kevlar  49/ 
Epoxy  Composites,"  to  be  submitted  to 
J.  Comp.  Mathis. 

3.  R.  E.  Allred  and  F..  P.  Gerstle,  Jr., 
"The  Effect  of  Resin  Properties  on  the 
Transverse  Mechanical  Behavior  of  High- 
Performance  Composites,"  Proc.  of 
Society  of  the  Plastics  Institute  30th 
Technical  Conference,  Washington,  DC, 
Feb.  1975,  paper  9-B. 

4.  L.  L.  Clements  and  R.  L.  Moore,  "Fiber- 
Composite  Flywheel  Program,  Quarterly 
Progress  Report  Jan-March  1977,"  UCRL- 
50033-77-1,  May  1977,  p.  8. 

5.  G.  F.  Morganthaler  and  S.  P.  Bonk, 
"Composite  Flywheel  Stress  Analysis  and 
Materials  Study,"  Proc.  of  12th  Nat^l. 
SAMPE  Symp.,  Oct.  1967,  paper  D-5 . 

6.  N.  L.  Newhouse,  "A  Computerized  Ana¬ 
lysis  of  Axisyrametric  Flywheels," 

Proc.  of  1977  Flywheel  Technology  Sym¬ 
posium,  San  Francisco,  October  1977. 

7.  E.  L.  Donfelt,  S.  A.  Hewes  and  T.  Chou, 
"Optimization  of  Composite  Flywheel 
Design,"  Int.  J.  Mech.  Sci. ,  19 ,  1977 
pp.  69-78. 


386 


Table 


o  o^  ,^s 

•  •  *10 

m  cNj 


<r  IT) 

•  •  *10 

O  O  CO  ^ 

C>J 


UO  O  iH  /-s 

•  •  •  ^ 

CO  CO  CNJ 

iH  CM 


0^  tH  0^  y-s 

•  •  •  I 

rH  CO  W 


CM 

rH 

rH 

y^ 

O 

CM 

O 

• 

• 

• 

Mf 

• 

• 

• 

CM 

CO 

m 

v-^ 

CO 

iH 

CT^ 

iH 

CM 

rH 

VD  ^  y^ 

.  .  .  <f 

CT\  CO  r--  w 

CO 


CJ^  CM  O  ^ 

.  .  .  ^ 

O  rH  rH 

rH  I— I 


o 

CO 

1 

vD 

§ 

CO 

C 

p 

d 

•  • 

cd 

o 

Cd 

o 

O 

cd 

Gd 

•rl 

Cd 

Gj 

•H 

o 

Gd 

S 

P 

PO 

Gd 

s 

P 

rH 

g 

td 

H  ^ 

S 

Cd 

•H 

<d  iH 

•H 

*> 

a 

r> 

d 

CO 

HU 

o 

Cd 

CO  VO 

o 

cd 

o 

P 

•H 

> 

o  •• 

P 

•H 

> 

mt 

W) 

P 

<J-  VO 

W) 

P 

,H 

d 

cd 

MH 

H  CO 

d 

Cd 

mh 

0) 

•H 

0 

•• 

(U 

•H 

o 

u 

> 

CM  O 

> 

CO 

p 

(U 

P 

<U 

CO  O 

p 

(U 

p 

(U 

CO 

w 

p 

CJ 

N 

CO  rH 

c/3 

P 

d 

N 

Q) 

•H 

<u 

•iH 

0) 

nd 

•H 

C/3 

0) 

TJ 

•H 

C/3 

•• 

p 

J-i 

O 

•  • 

p 

n 

o 

cd 

•H 

(U 

X 

cd 

Cd 

•H 

(U 

•H 

6 

'd 

Cp 

tH 

•H 

g 

M-l 

rH 

•H 

a 

MH 

& 

u 

•H 

d 

MH 

& 

•p 

p 

cd 

(U 

6 

p 

p 

cd 

0) 

cd 

rH 

p 

O 

Cd 

iS 

rH 

p 

O 

Cd 

1 

c/3 

U 

c/3 

P 

c/3 

U 

CO 

387 


Table  II. 

Transverse  Mechanical  Properties  of  Kevlar  Composite  Tubes  Tested  with  Self-Aligning  Fixture 
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Table  III. 

Tensile  Properties  of  332/T403  Epoxy  as  a  Function  of  ATBN*  Content  (RT  Cure) 


Table 
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BIBLIOGRAPHIC  AND  NUMERIC  DATA  BASES  FOR 
FIBER  COMPOSITES  AND  MATRIX  MATERIALS* 


F.  E.  McMurphy  and  T.  M.  Quick 
Lawrence  Livermore  Laboratory,  University  of  California 
Livermore,  California  94550 


ABSTRACT 

We  have  been  conducting  research  leading  to  the  creation  of  bibliographic  and 
numeric  data  bases  of  material  properties,  under  contract  with  ERDA’s*^  Division  of 
Energy  Storage  Systems  (ERDA/STOR).  We  have  created  both  bibliographic  and  numeric  data 
bases  for  fiber  composites  and  matrix  materials,  with  particular  emphasis  to  their  appli¬ 
cation  to  modern  flywheel  technology.  The  bibliographic  data  base  was  created  to  provide 
a  direct  means  to  visually  examine  pertinent  literature.  The  numeric  data  base  is  being 
created  to  provide  evaluated  materials  properties  data  for  direct  input  to  applications 
programs.  These  and  related  data  bases  are  being  prepared  to  serve  ERDA/STOR  admini¬ 
strators  and  their  contractors  in  the  expanding  field  of  energy  storage.  Data  bases  and 
their  evaluation  programs  will  be  stored  on  a  PDP-11/70  computer  system  at  LLL  and  be 
available  for  interactive  use  over  the  ARPAnet  and  by  telephone  dialup. 


SUMMARY 

The  Data  Management  Group  at  the 
Lawrence  Livermore  Laboratory  (LLL)  is 
conducting  research  leading  to  the  creation 
of  data  bases  for  energy  storage  systems. 
These  data  bases  are  computer-based  and 
will  contain  bibliographic  information, 
material  properties  data,  and  data  on 
essential  criteria  for  energy  storage 
systems.  Access  to  these  central  files 
will  be  from  remote  terminals  over  com¬ 
puter  networks  and  by  telephone  dialup, 
in  addition  to  the  more  conventional  means 
of  computer -genera ted  reporting,  and 
dissemination  on  magnetic  tapes. 

To  validate  the  material  properties 
data,  a  working  agreement  has  been  estab¬ 
lished  between  LLL  and  the  National 
Bureau  of  Standards  (NBS) .  The  Office 
of  Standard  Reference  Data  at  NBS 
coordinates  and  monitors  data  evaluations 
by  recognized  national  data  evaluation 
centers.  One  of  the  five  data  requests, 
for  molten  salts  and  molten  salts  systems 
(battery  and  thermal  energy  storage  ma¬ 
terials)  ,  has  been  completed  and  the  data 
is  being  entered  into  a  data  bank  for 
molten  salts  and  thermal  energy  storage 


materials.  Other  data  requests  for 
selected  properties  of  metal  alloys  (fly¬ 
wheel  materials),  and  metallic  hydrides 
(hydrogen  storage  materials)  are  currently 
being  worked  on  by  several  data  evaluation 
centers.  A  bibliographic  data  base  for 
flywheel  energy  storage  has  been  created 
and  published.  In  addition,  a  comprehen¬ 
sive  bibliography  for  molten  salts  and 
TES  materials  is  in  preparation. 

INTRODUCTION  AND  BACKGROUND 

"Research  Leading  to  the  Production 
and  Early  Use  of  Numeric  Data  Banks  of 
Material  Properties  and  System  Analysis" 

has  been  carried  out  since  February  1976, 
by  the  Data  Management  Group  of  LLL  under 
contract  to  the  U.  S.  Energy  Research  and 
Development  Administration,  and  the  Divi¬ 
sion  of  Energy  Storage  Systems  (ERDA/STOR) 
under  contract  number  E (49-1) -3835.^ 

Many  alternate  energy  storage  systems 
are  undergoing  continued  research  and 
development:  thermal,  chemical,  electro¬ 
chemical,  battery,  physical,  etc.  The 
technological  efficiency  of  these  systems 
and  their  cost  effectiveness  often  depend 
in  large  measure  upon  the  properties  of 


Work  performed  under  the  auspices  of  the  U.  S.  Department  of  Energy  under  contract 
number  W-7405-Eng-48 . 

’^Now  called  Department  of  Energy. 


393 


materials  and  substances  in  heretofore 
uncharted  operational  domains.  Technical 
and  economical  feasibility  is  the  central 
issue  in  the  decision-making  process. 

Basic  data  on  material  properties,  and 
on  characterizations  of  energy  storage 
systems,  are  required  to  provide  a  re¬ 
liable  foundation  for  these  activities. 

Data  bases  of  this  type  are  being 
created  as  an  essential  part  of  this 
project.  When  completed,  they  will  con¬ 
tain  evaluated  physical  and  chemical 
properties  for  materials  used  in  energy 
storage  systems  and  information  and  data 
to  characterize  the  validity  domains  of 
the  systems.  The  NBS  and  selected  data 
evaluation  centers  are  collaborating. 

These  computerized  data  banks  are  being 
made  available  to  industry  and  to  univer¬ 
sities.  As  such,  they  will  serve  as  a 
public  resource  for  the  scientific  and 
technological  research  community.  It  is 
anticipated  that  data  bases  of  this  type 
will  provide  a  solid  and  expanding  basis 
for  the  accelerating  research  activities 
in  energy  storage.  They  should  help  to 
eliminate  discrepancies  and  should  be  a 
valuable  aid  to  channel  work  into 
promising  directions, 

A  staff  of  up  to  five  professionals 
are  participating  in  the  project  at  LLL. 
Their  academic  backgrounds  and  experience 
are  in  chemistry,  metallurgy,  and  com¬ 
puter  science.  Dr.  Terrence  Quick, 
material  scientist,  is  project  leader. 

Project  activity  during  the  past 
year  has  centered  around  the  publication 
of  a  bibliographic  data  base  for  flywheel 
energy  storage,^  the  computerization  of 
evaluated  molten  salts  data  received  from 
NBS,  and  acquisition  of  a  PDP-11/70  com¬ 
puter  system  on  which  energy-storage- 
related  data  will  reside.  General  energy 
storage  data  will  be-  made  available  on 
the  PDP-11/70  computer  system  over  the 
ARPAnet,  a  national  computer  network,  and 
by  telephone  dialup  later  in  FY  1978, 

TECHNOLOGICAL  DATA  BASE  ACTIVITIES 

Our  major  technological  data  base 
activities  include  the  identification  and 
the  evaluation  of  materials  and  their 
properties  required  for  energy  storage 
systems,  and  the  creation  of  bibliographic 
and  evaluated  material  properties  data 
banks  for  user-oriented  manipulation  and 
dissemination.  During  the  past  year,  we 


have  acquired  a  computer  system  that  is 
being  prepared  to  handle  these  data  banks 
for  ERDA’s  Division  of  Energy  Storage. 

IDENTIFICATION  OF  MATERIALS  AND  PROPERTIES 
FOR  FLYWHEEL  ENERGY  STORAGE  SYSTEMS 

The  identification  of  materials  and 
properties  for  flywheels  was  carried  out 
in  collaboration  with  the  flywheel  re¬ 
search  activities  at  LLL  and  with  Sandia 
Laboratories.  Based  on  an  initial  survey 
and  on  feedback  obtained  directly  from 
users  and  researchers,  requests  for  data 
on  flywheel  metals  and  composite  materials 
have  been  sent  to  the  NBS  for  evaluation 
(see  next  section) . 

CRITICAL  EVALUATION  OF  MATERIAL  PROPERTIES 

The  critical  evaluation  of  material 
properties  is  now  in  progress  through  a 
formal  working  agreement  between  LLL  and 
NBS.  Under  this  agreement  the  NBS  Office 
of  Standard  Reference  Data,  which  manages 
the  National  Standard  Reference  Data 
System  (NSRDS) ,  acts  as  the  mandated 
monitoring  agency  for  the  evaluation  of 
material  properties.  The  actual  evalua¬ 
tions  are  carried  out  by  nationally 
recognized  evaluation  centers  affiliated 
with  the  NSRDS/NBS.  Computerization  of 
the  data  and  its  transfer  into  the  public 
domain  is  carried  out  by  LLL.  The  data 
will  also  be  published  in  a  special  series 
by  NSRDS/NBS. 

BIBLIOGRAPHY  ON  FLYWHEEL  TECHNOLOGY 

A  selected  bibliography  for  flywheel 
energy  storage  and  fiber  composites  has 
been  published.^  It  contains  382  cita¬ 
tions  on  the  properties  and  mechanics  of 
fibers,  fiber  composites,  matrix  materials 
and  on  flywheel  energy  storage  systems. 

The  materials  and  flywheel  systems  cita¬ 
tions  were  derived  from  the  world  litera¬ 
ture.  The  bibliography  is  machine 
produced  and  is  generated  in  two  parts; 

A  concordance  on  keywords  and  phrases, 
and  the  chronological  listing  of  all 
bibliographic  citations  (see  section  on 
FLYWHEEL  AND  FIBER  COMPOSITES  BIBLIOGRAPHY) . 

MOLTEN  SALTS/TES  BIBLIOGRAPHY 

A  comprehensive  molten  salts/TES 
bibliographic  data  base  is  being  created 
in  a  similar  way  as  the  flywheel  biblio¬ 
graphy.  Major  sources  of  machine  readable 
citations  have  been  received  from 
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Dr.  George  Janz  of  the  Molten  Salts  Data 
Center  at  the  Rensselaer  Polytechnic 
Institute  (approximately  4000  citations) 
and  from  Sandia  Laboratories  Fused  Salt 
Bibliography  (approximately  3000  cita¬ 
tions)  .  Sources  of  hardcopy  citations 
include  a  M.S.  thesis  by  L.  S.  Charnoff 
(approximately  4000  citations)  and  other 
citations  from  ongoing  literature  searches 
at  LLL.  These  bibliographic  sources^  ^ 
are  being  combined  into  a  single  data 
bank  which  will  be  completed  during 
FY  1978  for  general  use. 

MOLTEN  SALTS/TES  MATERIAL  PROPERTIES  DATA 
BASE 

A  molten  salts/TES  material  proper¬ 
ties  data  base  is  under  development  for 
interactive  use  on  our  dedicated  PDP-11/70 
computer  system.  In  addition  to  the 
inorganic  salts  data  already  computer¬ 
ized,^’^  we  have  added  the  evaluated 
molten  salts/TES  material  properties  data 
received  during  the  past  year  from 
Dr.  George  Janz.  These  data  include 
values  of  up  to  16  properties  on  82  salt 
systems . 

COMPUTER  SYSTEM  TO  HANDLE  STORAGE  DATA 

A  PDP-11/70  computer  system  is  being 
set  up  on  the  ARPAnet  for  storage,  manip¬ 
ulation,  and  dissemination  of  energy- 
storage-related  data.  The  basic  computer 
system  was  procured  and  tested  during  the 
past  year.  In  FY  1978,  additional 
capability  will  be  installed  to  enable 
both  technological  data  bases,  and  other 
energy— storage  related  data  bases,  to  be 
accessed  directly  over  the  ARPAnet  or  by 
telephone  dialup. 

DESCRIPTION  OF  FLYTOEEL-RELATED  DATA  BASES 

We  are  creating  both  bibliographic 
and  evaluated  materials  properties  data 
bases  for  flywheel-related  applications 
as  previously  mentioned.  A  flywheel 
bibliography  has  been  published  for  the 
1977  Flywheel  Technology  Symposium  in 
San  Francisco.  A  numeric  data  base  for 
flywheel  materials  is  currently  being ^ 
developed  in  anticipation  of  the  receipt 
of  evaluated  data  from  NBS. 

FLYWHEEL  AND  FIBER  COMPOSITES  BIBLIOGRAPHY 
The  flywheel  and  fiber  composites  biblio¬ 
graphy  consists  of  two  sections:  (1)  A 
concordance  that  serves  as  a  subject  and 
author  index,  containing  key  words  and 
phrases,  authors,  and  organizations;  and 


(2)  the  bibliographic  listing  of  citations. 
This  format  is  planned  for  future  biblio¬ 
graphies  and  other  subjects  in  the  field 
of  energy  storage. 

The  entire  bibliography  owes  its 
existence  to  computer  technology.  It  is, 
in  a  sense,  merely  a  printed  copy  of  part 
of  a  computerized  data  base.  As  a  printed 
copy  it  is  static,  the  data  base  itself  is 
not.  Several  advantageous  aspects  of 
computerization  are  reflected  in  this 
publication. 

One  aspect  of  computerization  is  the 
opportunity  to  quickly  look  up  specific 
information,  such  as  what  authors  may 
have  published  articles  on  a  certain  sub¬ 
ject  in  a  given  time  period.  Such 
information  can  be  retrieved  in  a  fraction 
of  the  time  it  would  take  to  do  a  litera¬ 
ture  search.  It  should  be  noted  that 
other  information  exists  in  the  data  base, 
but  is  not  pertinent  for  this  bibliography, 

A  second  aspect  is  the  ease  with  which 
statistics  can  be  generated;  for  example, 
the  number  of  publications  by  author  in  a 
certain  field  or  by  center  of  research  in 
a  given  subject. 

A  third  aspect  is  the  advantage  of 
using  a  computer  to  create  the  concord ed 
bibliography.  Rapid  updating  is  possible 
merely  by  adding  new  entries  as  they 
appear  in  the  literature.  In  fact,  whole 
blocks  of  records  from  other  data  bases 
can  be  transferred  by  computer.  Up¬ 
grading  the  concordance  then  creates  a 
new  edition  ready  for  printing,  a  process 
much  faster  than  conventional  publishing 
methods.  Thus,  vast  amounts  of  readily 
accessible  data  become  available  to  the 
user  quickly. 

A  final  aspect  is  that  professional 
value  judgements  play  a  very  important 
role  throughout  the  whole  process. 

Specific  terms  are  included  or  rejected, 
editing  rules  are  defined,  and  a  report 
structure  is  set  up.  In  this  manner, 
human  intelligence  and  decisions  are 
reflected  in  the  final  product. 

FLYWHEEL  MATERIALS  NUMERIC  DATA  BASE 

An  entirely  different  class  of  data 
bases  is  represented  by  the  numeric  data 
base.  Lists  of  materials  pertinent  to 
the  subject,  in  this  case  flywheels,  are 
evaluated  through  processess  described  in 
IDENTIFICATION  OF  MATERIALS  AND  PROPERTIES 
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FOR  FLYWHEEL  ENERGY  STORAGE  SYSTmS.  A 
spectrum  of  material  properties  is  then 
compiled;  properties  included  are  mechan¬ 
ical,  chemical,  thermodynamic,  electro¬ 
magnetic,  nuclear,  etc.  These  properties 
are  then  evaluated  by  NBS-af filiated  data 
evaluation  centers  (see  CRITICAL  EVALUA- 
TION  OF  MATERIAL  PROPERTIES) .  The 
evaluated  property  data  are  subsequently 
computerized  at  LLL. 

Two  flywheel-related  data  requests 
have  been  made.  The  first  consists  of  a 
list  of  22  metals  and  alloys,  together 
with  nine  properties  for  each  material. 

The  second  data  request  contains  16  fiber 
materials  (16  properties  each),  13  epoxy 
resins  (27  properties  each) ,  and  six 
resins  (27  properties  each) .  Evaluation 
of  the  fl)rwheel  metals  data  request  is 
close  to  completion.  The  evaluations  for 
the  fibers  and  matrix  materials  data  request 
are  still  in  progress.  (See  Appendix  for 
detailed  lists  of  materials  and  properties.) 

We  are  placing  particular  emphasis 
on  making  numeric  data  bases  interactive. 
Our  goal  is  to  allow  the  uninitiated  user 
to  sit  down  at  a  terminal  and  be  able  not 
only  to  retrieve  specific  data,  but  to  do 
on-line  manipulations  of  the  data  as  well. 
Another  goal  is  to  allow  the  user  to  do 
on-line  calculations  with  functional 
equations,  since  many  of  the  properties 
are  reported  in  functional  form  i.e., 
as  empirical  equations  with  sets  of 
coefficients  which  fit  the  data  within 
specific  bounds  of  temperature,  pressure, 
etc.  Finally,  we  Intend  to  make  the  data 
bases  interactive  so  that  the  user,  by  a 
simple  keyboard  command,  can  print  or 
otherwise  display  entire  tables  of  data. 

Computer  graphics  is  also  being  pur¬ 
sued  actively.  Often,  a  graphical 
representation,  such  as  a  phase  diagram, 
is  the  only  form  of  information  available 
for  a  property  or  relationship.  Digitiz¬ 
ing  such  graphical  material,  and 
reconstructing  it  on  television  monitors 
or  x-y  plotters,  is  a  current  project. 

Other  minor  sophistications  such  as 
conversions  between  systems  of  units  of 
measurement  are  being  built  into  the 
computer  system  to  provide  additional 
convenience  to  the  user. 

In  general,  an  interactive  numeric 
data  base,  such  as  the  one  proposed  for 
flywheels,  can  be  a  powerful  research 
tool,  potentially  very  versatile,  easily 
maintained,  and  updated. 


We  welcome  your  comments  and 
suggestions . 


REFERENCES 

1.  T.  M.  Quick  and  E.  A.  Henry,  Research 
Leading  to  the  Production  and  Early 
Use  of  Numeric  Data  Banks  of  Material 
Properties  and  System  Analyses, 
Quarterly  Progress  Report,  Lawrence 
Livermore  Laboratory,  Report 
UCRL-50038-76-3  (March,  1977) .  See  also 
Second  Quarterly  Progress  Report, 
UCRL-50038-76-2  (September,  1976)  and 
First  Quarterly  Progress  Report, 
UCRL-50038-76-1  (May,  1976). 

2.  E.  A.  Henry,  K.  W.  Johnson,  F.  E. 
McMurphy,  and  T.  M.  Quick,  Biblio¬ 
graphy  of  Flywheel  Energy  Storage 
Systems,  Lawrence  Livermore  Laboratory 
Report,  UCID-17592  (Sept.  30,  1977). 

3.  G.  J.  Janz,  R,  P.  T.  Tomkins, 

J.  R.  Downev.  Jr.,  and  C.  B.  Allen, 
Editors,  "Molten  Salts  Awareness 
Bulletin,  Annotated  Bibliography," 

RPI,  Troy,  NY  (1975). 

4.  G.  J.  Janz,  C.  B.  Allen,  J.  R.  Downey, 

Jr.,  and  R.  P.  T.  Tomkins,  "Eutectic 
Data:  Safety,  Hazards,  Corrosion, 

Melting  Points,  Compositions  and 
Bibliography,"  ERDA  Division  of  Energy 
Storage  Systems,  TID-27163-P1  and  -P2 
(2  volumes),  July,  1976. 

5.  M.  Shalit,  Editor,  "Fused  Salt  Biblio¬ 
graphy,"  Sandia  Laboratories  Report, 
S'LA-73-0053  (December,  1972). 

6.  L.  S.  Charnoff,  "An  Annotated  Biblio¬ 
graphy  of  Molten  Salts,"  M.  S.  Thesis, 
New  York  University  (1958) ,  University 
Microfilms,  Inc.,  Ann  Arbor,  MI 

7.  A.  Borucka,  "Survey  &  Selection  of 
Inorganic  Salts  for  Application  to 
Thermal  Energy  Storage,"  ERDA-59, 

June,  1975. 

8.  G.  A.  Lane,  D.  N.  Glew,  E.  C.  Clarke, 

S.  W.  Quigley,  and  H.  E.  Rossow, 
"Isothermal  Solar  Heat  Storage 
Materials  -  Phase  1,"  Technical  Report, 
ERDA-117,  May,  1975. 


396 


APPENDIX.  Tables  of  flywheel-related  materials  and 
properties  submitted  to  NBS  for  evaluation. 


Table  1.  Priorities  for  properties  of  fibers  in  flywheel  rotors. 


Property  Priority 


Density  ^ 

Elastic  modulus  1 

Tensile  stress  1 

Strain  at  ultimate  stress  1 

Usable  (design)  tensile  strength  1 

Upper  use  temperature  1 

Creep  ^ 

Elongation  1 

Surface  treatment  2 

Filament  diameter  2 

Filaments  per  tow  2 

Moisture  absorbency  2 

^  Thermal  expansion  coefficient  3 

Poisson’s  ratio  3 

Thermal  conductivity  3 

Specific  heat  2 

Electrical  and  magnetic  properties  of  the 

amorphous,  glass-like,  metal  alloys  3 
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Table  2,  Priorities  for  fibers  in  fl3rwheel  rotors. 


Fibers 

^  .  .3. 

Priority 

Kevlar  49 

1 

Kevlar  29 

1 

S-glass,  901 

1 

S-glass,  903 

1 

S2-glass 

1 

E-glass,  type  30,  410 

1 

E-glass,  type  30,  475 

1 

E-glass,  multiend  rovings 

1 

Carbon  fiber 

Magnamite  ASl  (Hercules,  Inc.) 

Magnamite  AS2  (Hercules,  Inc.) 

Morganite,  Type  1  (Morganite  Modmor,  Inc.) 
Morganite,  Type  2  (Morganite  Modmor,  Inc.) 
Morganite,  Type  3  (Morganite  Modmor,  Inc.) 

Panex  30  C  (Stackpole  Fibers  Co.) 

2 

Graphite  fiber 

Thornel  300  (Union  Carbide) 

Thornel  50  (Union  Carbide) 

Thornel  75  (Union  Carbide) 

Magnamite  HTS  (Hercules,  Inc.) 

Fortafil  CG5  (Great  Lakes  Carbon  Corp.) 

Celion  2000  (Celanese  Research  Corp.) 

GSCY  2.10  (Carborundum  Co.) 

2 

Quartz  fiber 

2 

Dacron,  Hi  Tenacity  (Polyester) 

3 

Nylon  6,  Hi  Tenacity 

3 

Nylon  6,6,  Hi  Tenacity 

3 

Rayon,  Hi  Tenacity  (Fortisan  -  36) 

3 

Amorphous  glass-like  metal  alloys 

METGLASS  Alloy  2826  (Allied  Chemical) 

METGLASS  Alloy  2605  (Allied  Chemical) 

METGLASS  Alloy  2605A  (Allied  Chemical) 

METGLASS  Alloy  2204  (Allied  Chemical) 

3 

^The  priorities  refer  to  the  fact  that  a  particular  fiber  will  probably  be  used 
in  a  system  (1),  that  it  might  be  used  (2),  and  that  it  probably  won^t  be  used  (3). 
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Table  3.  Priorities  for  matrix  systems  in  fiber  composite  flywheels. 


Epoxy  resin  systems  Priority 


XD  7818/XD  7575.02/ERL  4206  Tonox  60-40  1 
DER  332/T-403  1 
XD  7818/XD  7114/Tonox  60-40/DAP  1 
Epon  826/RD-2/Tonox  60-40 

XD  7818/T-403  1 
XD  7818/XD  7114/Epon  871/Tonox  60-40,  a  &  b  1 
XD  7818/XD  7575.02/XD  7114/Tonox  60-40/DAP  2 
XD  7818/XD  7575.02/ERL  4206/Tonox  60-40/DAP  2 
XD  7818/XD  7114/Eplrez  505/Tonox  60-40,  a  &  b  2 
XD  7818/DER  732/Tonox  60-40,  a  &  b  2 
XD  7818/XD  7114/ATBN/Tonox  60-40  2 
ERE  1359/RD-2/DAP  2 

Polyester  resins 

DeraKane  411C  1 
EPOCRYL  480  1 
Atlac  382  1 
Koppers  1010-5  2 
Koppers  1201-5  2 
Koppers  6030-5  2 
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Table  4.  Properties  of  cured  resins. 


Property 

Priority 

Composition  (types  and  amount) 

Resins 

Diluent 

Curing  agents 

1 

Cure  schedule 

1 

Tensile  properties 

Maximum  stress 

Stress  at  failure 

Strain  at  maximum  stress 

Strain  at  failure 

Elastic  modulus  in  tension 

1 

Compressive  properties 

Ifaximum  compressive  strength 

Strain  at  maximum  strength 

Secant  modulus 

1 

Shear  properties 

Stress  at  failure 

Shear  modulus 

1 

Viscosity  at  25°C 

1 

Time  for  viscosity  to  reach  2.0  Pa-s 

1 

Gel  time 

1 

Exotherm  of  500  g  from  25°C 

2 

Density  (uncured)  at  25°C 

1 

Density  (cured)  at  25°C 

1 

Shrinkage  (%  volume) 

After  gelation 

After  cure 

1 

Water  absorption 

1 

Glass  transition  temperature 

1 

Heat  distortion  temperature 

1 

Specific  heat 

2 

Heat  capacity 

2 

Thermal  coefficient  of  linear  expansion 

2 

Thermal  coaductivity 

2 
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Table  5,  Priorities  for  metals  and  metal  alloys  in  flywheel  rotors. 


Material 

Priority 

Aluminum  6061-T6 

1 

Aluminum  7075-T6 

1 

Stainless  steel,  15-7Mo 

1 

Steel  4340 

1 

Maraging  steel  18  Ni-300 

1 

Titanium  6A1-4V 

1 

Aluminum  2024-T851 

2 

Stainless  steel  cast  AM  355 

2 

Stainless  steel  custom  455 

2 

Stainless  steel  440C 

2 

Steel  1020 

2 

Steel  1040 

2 

Steel  H-11 

2 

Cobalt  MP  35N 

3 

Stainless  steel  216 

3 

Steel  C1141 

3 

Maraging  steel  18  Ni-400 

3 

Steel,  Unitemp  212 

3 

Steel,  V-57 

3 

Titanium,  6Al-4V-2.5Sn 

3 

Titanium,  8Mo-8V-2Fe-3Al 

3 

Titanium,  2Mo-0.25Si 

3 
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Table  6.  Priorities  for  properties  of  metals  and 
metal  alloys  in  flywheel  rotors. 


Property 

Priority 

Young’s  modulus 

1 

Shear  Modulus 

1 

Bulk  modulus 

1 

Poison’s  ratio 

1 

Yield  strength 

1 

Ultimate  strength 

1 

Creep  strength 

1 

Fatigue  strength 

1 
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GLASS  FIBER  FOR  ENERGY  STORAGE  FLYWHEELS 


Stewart  N.  Loud 

Equipment  Manufacturers  Marketing  and 
Manager,  Advanced  Composites  Section 
Owens-Corning  Fiberglas  Corporation 
Fiberglas  Tower 
Toledo,  Ohio  43659 


ABSTRACT 

This  paper  discusses  the  benefits  of  two  glass  fiber  candidates  for  energy  storage 
flywheels  manufactured  from  composites.  Some  background  from  other  uses,  test  results 
and  test  programs  are  reviewed. 


INTRODUCTION 

Economically  viable  and  commercial  fly¬ 
wheel  energy  storage  systems  will  be 
successful  only  if  materials  can  be  found 
with  the  right  combination  of  cost  and 
performance.  Low  cost,  high  performance 
S-2  Glass*  and  Type  30*  E  Glass  are  mat¬ 
erials  offering  great  promise  in  the 
energy  storage  system  area. 

BENEFITS  OF  GLASS  FIBER 

S-2  Glass  is  an  excellent  material  where 
high  performance  is  most  important,  but 
cost  is  a  serious  consideration  versus 
higher  priced  options  such  as  S901 
Glass  fiber,  aramid  fiber  and  carbon 
fiber  composites.  Type  30  E  Glass  is 
offered  where  low  cost  is  paramount. 

Both. fibers  offer  excellent  process- 
ibility  and  are  used  regularly  in  comm¬ 
ercial  composites  manufactured  by  fil¬ 
ament  winding  and  prepreg  processes. 

There  is  a  known  technical  base  of 
information  on  both  products  for  other 
application  markets,  which  should  be 
translatable  to  this  market.  Both 
products  are  offered  with  epoxy  compat¬ 
ible  sizings  for  optimum  bonding  to  the 
matrix  resin.  Both  can  be  manufactured 
with  compatibility  with  polyester.  Siz¬ 
ings  compatible  with  polyimide  and  other 
resins  which  might  be  used  could  be 
developed  if  product  demand  justifies 
such  an  effort. 

Both  products  are  commercially  available 
in  large  quantities.  The  base  material 
is  silica,  which  is  in  plentiful  supply. 
S-2  Glass  is  produced  in  quantities  of 
hundreds  of  thousands  of  pounds  at  the 
present  time,  with  projected  volumes  well 
above  that.  E  Glass  is  produced  in  the 


hundreds  of  millions  of  pounds  annually. 
Therefore,  there  is  a  known  availability 
and  reliability  of  manufacturing  sources. 
S-2  Glass  Roving  sells  for  $2.25  per 
pound  in  its  most  common  package.  Type 
30  E  Glass  sells  for  $.49  per  pound. 

Both  are  truckload  pricing. 

Lawrence  Livermore  Laboratories,  in 
their  contract  number  W-7405-ENG-48 
with  Energy  Research  and  Development 
Administration  (now  part  of  the  new 
Department  of  Energy)  has  done  con¬ 
siderable  work  on  fiber  composite 
systems  for  energy  storage  flywheels. 
Their  work  indicates  that  S-2  Glass 
offers  high  composite  failure  stress 
performance,  high  fiber  failure  stress 
capability,  good  burst  speed  perform¬ 
ance  and  a  very  low  coefficient  of 
variation  in  laminate  performance. 

This  work  also  indicates  that  Type  30 
E  Glass  should  perform  well  at  the  lower 
end  of  the  performance  and  cost  spectrum. 
Neither  product  is  recommended  as  a 
candidate  if  the  ultimate  in  perform¬ 
ance  or  lightest  possible  weight  is 
desired,  and  cost  is  little  or  no 
object.  See  Tables  II  and  III  from  a 
paper  given  by  Lawrence  Livermore  Lab¬ 
oratories  personnel  at  the  Society  For 
the  Advancement  of  Materials  and  Process 
Engineering  Conference  in  San  Diego  in 
April  1977. 


*Trademarks  of  Owens-Corning  Fiberglas 
Corporation,  Toledo,  Ohio. 
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Some  prior  work  on  S901  roving  com¬ 
posites,  also  done  by  Lawrence  Livermore 
Laboratories,  indicates  that  glass 
fiber  composites  degrade  over  time 
through  a  process  known  as  stress 
rupture.  The  cause  of  the  gradual 
degradation  is  believed  to  be  related  to 
deterioration  of  the  glass/resin 
interface  as  a  result  of  low  level 
moisture  absorption  from  the  ambient 
test  conditions.  In  past  work  done  by 
Owens-Corning  Fiberglas  Corporation, 
comnosites  have  shown  significant  de¬ 
gradation  after  humidity  conditioning. 

But  other  work  has  indicated  that  S 
Glass  composites  can  be  dried  out  and 
will  revert  to  their  original  strength. 
Based  on  this,  it  is  believed  that 
glass  will  perform  very  well  in  a  fly¬ 
wheel  system,  because  the  composite 
is  operating  in  vacuum.  Therefore, 
no  moisture  can  get  to  the  composite  (the 
composite  can  be  preconditioned  prior  to 
installation  in  the  vacuum  system,  if  it 
has  been  subjected  to  humid  conditions) 
to  contribute  to  the  stress  rupture 
phenomenon.  In  order  to  establish 
reliability,  testing  is  required  on 
glass  fiber  composites  in  the  vacuum 
environment  of  an  operational  flywheel 
system. 

NEW  PRODUCT  DEVELOPMENTS 

During  1975  through  1977  Owens-Corning 
Fiberglas  Corporation  developed  a  new 
version  of  S-2  Glass,  with  449  sizing 
(formerly  P283A).  The  initial  research 
work  began  in  early  1975  on  an  unrelated 
S  Glass  program.  449  was  found  to  be 
more  efficient  in  manufacturing  and  to 
exhibit  laminate  performance  superior  to 
the  older  versions  of  S-2.  Improvement 
was  made  in  resistance  of  S-2  laminates 
to  degradation  under  a  variety  of  long 
term  moisture  and  temperature  testing. 
This  improved  sizing  has  resulted  in  a 
higher  strength  retention  after  water 
boil  and  temperature/humidity  cycling, 
typically  around  91  to  93%  retention, 
which  is  superior  to  any  E  Glass 
candidates  and  former  S  Glass  products 
known.  (See  Table  III). 


In  addition  to  the  above  test  results 
one  manufacturer  now  scaling  up  on  449 
S-2  Glass  roving  for  a  tactical  weapon 
application  found  that  449  had  93% 
strength  retention,  compared  with  only 
85%  strength  retention  with  the 
former  S-2  product.  Three  different  E 
Glass  candidates  were  compared  with 
P262B  Type  30  E  Glass  having  88%  re¬ 
tention  and  conventional  rovings  from 
two  glass  fiber  manufacturers  having 
only  81%  retention  of  original  values. 

New  Uses 

Pressure  Tanks  --  Filament  wound  S-2 
G1 ass/epoxy  composites  have  been  gain¬ 
ing  rapid  acceptance  in  pressure  tanks 
for  fire,  police  and  medical  rescue 
breathing  aooaratus,  aircraft  jet 
engine  starter  bottles  and  mountain 
climbing  oxygen  tanks.  In  October  1976 
S-2  Glass  tanks  were  carried  to  the  top 
of  Mt.  Everest  by  the  American 
Bicentennial  Expedition.  The  much 
lighter  weight  and  longer  air  supply 
available  with  the  S-2  Glass/epoxy 
overwrapped  aluminum  tanks  is  credited 
with  being  a  major  contributor  to  the 
success  of  that  expedition. 

Tactical  Weapon  Launch  Tubes  —  S-2 
Glass  yarn  is  braided  into  a  sleeve  for 
reinforcement  of  epoxy  launch  tubes 
for  the  Dragon  anti-tank  weapon.  The 
objective  of  this  conversion  from  fil¬ 
ament  wound  E  Glass  or  metal  is  the  de¬ 
sire  for  lighter  weight,  while  retain¬ 
ing  high  strength  to  withstand  the 
pressures  of  rocket  launch  or  misfire. 

Tactical  Weapon  Motor  Cases  --  We  re¬ 
cently  developed  the  new  449  sizing  for 
S-2  Glass  roving  for  filament  winding 
into  epoxy  for  the  rocket  motor  nozzle 
on  the  new  Viper  anti-tank  weapon  system 
to  be  produced  in  1979.  Here,  the 
high  strength,  light  weight,  competitive 
cost  and  percentage  retention  of  original 
strength  of  S-2  after  moisture  condition¬ 
ing,  beat  out  managing  steel  for  the 
application. 
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Helicopter  Blades  --  We  offered  the  new 
449  sizing  more  recently  to  this  market, 
to  accelerate  the  acceptance  and  penetra¬ 
tion  of  S-2  glass  for  helicopter  rotor 
blades.  This  material  is  now  gaining 
rapid  acceptance  with  all  of  the  major 
helicopter  producers,  including:  Boeing- 
Vertol,  Bell,  Kaman  and  Hughes.  S-2 
Glass/epoxy  prepreg  is  used  for  blade 
skins  and  spars.  Fi lament  winding  is 
also  being  used  for  prototypes  of  spars. 
Rapid  displacement  of  metal  and  former 
glass  candidates  is  expected. 

Wind  Energy  Blades  --  Wind  energy  con¬ 
version  systems  are  being  prototyped 
under  the  sponsorship  of  NASA  and  ERDA. 
Composites  are  competing  with  metal 
blades  for  this  application.  Aluminum 
blades  must  be  very  carefully  designed 
in  order  to  prevent  metal  fatigue,  which 
has  been  known  to  shorten  their  life. 
Composite  blades  offer  the  chance  for 
equally  light  weight  and  far  better 
resistance  to  fatigue  than  metal.  Type 
30  E  Glass  is  the  prime  candidate  for 
prototyping  of  a  150  foot  blade  in  1978, 
to  be  tested  for  use  in  the  largest  wind 
turbine  yet  produced  in  this  country. 

Aircraft  Flooring  --  Recently  S-2  Glass 
was  selected  by  Boeing  as  the  reinforce¬ 
ment  for  prepreg  skins  to  be  used  over 
Nomex*  honeycomb  cores  to  replace 
aluminum  skinned  balsa  flooring  now  used. 
It  is  anticipated  that  the  S-2  flooring 
will  rapidly  accelerate  in  growth  for 
use  in  new  production  aircraft  and  later 
for  retrofitting  of  older  aircraft.  The 
material  is  lighter  in  weight,  offers 
greater  ease  in  fabrication  and  is  com¬ 
petitive  in  cost.  Boeing  is  consider¬ 
ing  this  flooring  for  all  of  their 
aircraft,  as  are  other  commercial  aircraft 
manufacturers. 

Future  Development 

To  prove  the  benefits  of  glass  fiber  for 
composite  flywheels,  we  as  an  industry 
must  utilize  the  material  in  flywheel 
prototypes  in  their  operating  environ¬ 
ment,  under  vacuum  and  zero  humidity. 

We  recommend  that  this  be  done  by  the 
various  companies  pursuing  flywheel 
hardware  at  the  present  time.  We  also 
recommend  that  research  and  development 
be  continued  by  the  new  Department  of 
Energy  on  these  materials  so  that  pot¬ 
ential  users  of  composite  materials  for 


flywheels  will  receive  continuing  guid¬ 
ance  on  material  selection  for  their 
technical  programs. 

Owens-Corning  Fiberglas  Corporation  feels 
that  it  too  can  assist  in  this  area.  As 
a  means  of  screening  current  products 
and  assessing  the  benefits  of  new  develop¬ 
ments  we  have  installed  a  spin  test 
chamber  at  our  technical  center  in  Gran¬ 
ville  Ohio.  The  equipment  is  capable 
of  spinning  only  an  NOL  ring  test 
specimen,  as  we  consider  this  sufficient 
for  our  purposes  at  this  time.  Also 
this  is  the  size  specimen  used  for 
shear  testing.  Equipment  specifications 
are  as  follows: 

Chamber  size  —  8%"  height,  15"  diameter 
2"  thick  wall ,  1"  thick 
bottom,  2"  thick  plastic 
bal 1 astic-tolerant  view¬ 
ing  pi  ate. 

Limiting  Speed  --  180K  RPM 
Spin-up  Rate  --  4  Hours 
Limiting  Weight  —  h  pound  current 

specimen,  range  to  2 
+  pounds  based  on 
bearing  wear. 

Magnetic  Centering  and  Support  Device 
for  Start-up. 

Limiting  Vacuum  --  50  microns  or  .0009 
PSI. 

Humidity  --  Controlled  by  vacuum. 

Counters  --  Photo  cells/automatic  print¬ 
out. 

Failure  Detection  —  via  counter. 
Strain/Growth  --  telemicroscopes  -- 
.0001  resolution. 

Conclusion 

In  summary.  Type  30  E  Glass  offers  a  low 
cost  candidate  for  future  flywheel 
applications  where  economics  are  most 
critical,  such  as  in  an  electrical 
utility  storage  system.  S-2  Glass 
roving  offers  an  economical  approach  to 
higher  strength  composite  flywheels  and 
is  recommended  for  markets  such  as 
battery/flywheel  hybrid  commuter  cars 
of  the  future,  where  performance  and 
economics  are  critical.  Performance 
testing  programs  to  be  conducted  in 
1978  and  beyond  by  Owens-Corning  Fiber¬ 
glas  Corporation  and  others  in  the 
composites  and  flywheel  industries 
should  be  able  to  prove  the  viabilitv. 

*Nomex  is  a  trademark  of  DuPont. 
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reliability  and  economy  of  glass  fiber 
composites  for  energy  storage  flywheels. 
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Table  I 


Composite 

Fiber  volume,  % 

(+  1  std  dev) 

N 

Composite  failure 
stress,  MPa^’^ 

C.V.^ 

Fiber  failure 
stress,  MPa 

C.V.^ 

Initial  modulus  of 

p 

elasticity,  GPa 

HYDROBURST  TEST 

Kevlar  49/epoxy 

71.3  +  1.4 

5 

1810 

5.0%  . 

2540 

3.8% 

92.2 

Kevlar  29/epoxy 

73.2  +  0.9 

5 

1700 

6.0% 

2320 

6.2% 

50.8 

S2-glass/epoxy 

70.4  +  1 .6 

5 

1810 

3.9% 

2570 

3.4% 

56.0 

E-glass/epoxy 

74.1  +  0.8 

5 

986 

8.1% 

1330 

8.8% 

51.2 

SPIN  TEST 

Burst  speed, 

-  rpm 

C.V. 

Kevlar  49/epoxy 

70.3  +  1.5 

5 

1720 

10.8% 

2450 

11.7% 

51  100 

5.5% 

Kevlar  29/epoxy 

73.0  +  2.1 

5 

1540 

12.4% 

2110 

13.9% 

48  300 

6.3% 

S2-glass/epoxy 

69.5  +  1.1 

5 

1880 

2.8% 

2710 

4.3% 

43  600 

0.2% 

E-glass/epoxy 

73.7  +  1.4 

5 

1120 

11.2% 

1520 

12.1% 

32  400 

5.6% 

Composite  stress 

calculated  using: 

stress 

=  8  X  gauge  pressure/cross-sectional  area. 

^To  convert  from 

H 

Pa  to  psi ,  divide  by 

6.894 

X  10  . 

^Based  on  one  sample. 


Table  II 

Composite 

Composite  stress  ((f),  MPa 

Composite  density  (p),^  Mg/m^ 

Energy  density. 

Kevlar  49/epoxy 

m  - 

6.32  X  10® 

202 

Kevlar  29/epoxy 

m  -  ^’30 

5.64  X  10^ 

32-gl ass/epoxy 

E-gl ass/epoxy 

1880  _  g.p 

2.04 

1^-  511 

2.19 

4.60  X  10^ 

2,53  X  10^ 

922  =  683 
1.35 

51 1  =  913 

0.56 

^Ba.sed  on  the  fiber-volume  fraction  in  table  4  (  70%). 

*^Riin  only  (not  hub)  at  failure. 

^To  convert  J/kg  to  W.h/lb  multiply  by  1.26  x  10  ^ 

^Cost  of  the  composite  per  pound  using  manufacturers  projected  prices  for  fiber  (Table  1)  and  $l/lb  for  resin. 


TABLE  III 


449  S-2  Glass  P262B  Type  30*  456  E  Glass 

Roving  E  Glass  Conventional  Roving 


Shear  NOL  Ring 


KSI 

9.66 

10.8 

9.93 

Dry 

72  Hr.. Boil 

9.00 

9.77 

8.79 

%  Retention 

93.2% 

90.5 

88.5 

Strand  Tensile 

545 

206 

345 

KSI 
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THE  PROPERTIES  OF  NATURAL  CELLULOSIC  MATERIALS  PERTAINING  TO 
FLYWHEEL  KINETIC  ENERGY  STORAGE  APPLICATIONS 


David  L.  Hagen 

Mechanical  Engineering  Department 
University  of  Minnesota 
111  Church  Street  S.E. 
Minneapolis,  Minnesota  55455 


ABSTRACT 

Natural  cellulosic  materials  have  been  shown  to  have  moderately  high  tensile 
strengths,  low  densities  and  thus  reasonably  high  specific  energies,  making  them  prom¬ 
ising  for  flywheel  energy  storage  applications  where  volume  and  total  mass  are  not  in 
question.  An  overview  of  the  existing  technology  is  discussed  with  special  attention 
given  to  wood  and  wood  laminates.  Suggestions  for  further  investigation  are  presented 
Preliminary  sorting  of  species  by  specific  energy  has  revealed  at  least  twenty  five 
woods  with  axial  intrinsic  energy  densities  of  over  200  kJ/kg  (25  wh/lb.)  Reductions 
veneer  thickness  do  not  appear  to  give  the  improvements  previously 
Ho,  k?  ■"?  molding  pressure  may  increase  the  specific  energies,  but 

double  the  cost.  Conventional  fatigue  tests  show  high  endurance,  but  critical  energy 
zero  moisture  are  significantly  lower  than  under  ambient  conditions 
indicating  greater  brittleness  and  lower  fatigue  endurance.  Large  flywheels  would 

aKata°i'Miv!t?Ih  ^^^’"J^^ted  and  balanced  at  reasonable  costs.  The  existing  theories 
and  data  indicate  the  need  for  further  experimentation  to  evaluate  the  material  and 

fatigue  properties  of  cellulosic  materials  at  zero  moisture  under  vacuum  conditions 
Assembled  rotor  costs  are  on  the  order  of  3  to  5  wh/$.  conaicions. 


INTRODUCTION 

Flywheels  constructed  of  natural 
cellulosic  materials  have  been  proposed 
for  use  in  kinetic  energy  storage  systems. 
Cellulosic  materials  offer  high  specific 
strengths,  are  readily  available,  have  an 
established  technology,  and  are  low  in 
cost.  The  wide  variety  of  materials 
suggested  for  this  application  includes 
well  known  domestic  hardwoods;  wood  pro¬ 
ducts  such  as  paper,  pressboard,  and  ply¬ 
wood;  and  exotic  materials  such  as  bamboo. 
This  paper  discusses  the  numerous  proper¬ 
ties  that  affect  the  design,  assembly, 
and  useable  operating  conditions  of  a 
cellulosic  flywheel. 

Low  cost  per  unit  of  energy  stored  is 
crucial  for  stationary  flywheels  since 
mass  and  volume  are  not  primal^  considera¬ 
tions.  The  energy  storage  capacity  is 
directly  proportional  to  the  strength  to 
density  ratio  of  the  flywheel  material. 
Thus  materials  with  high  working  strengths 
and  low  densities  and  costs  are  desirable. 
High  strength  steels  have  been  used  for 
flywheels  but  have  the  serious  disadvan¬ 
tage  of  shattering  into  large  fragments 


upon  failure.  High  tensile  strength 
fibers  and  composites  have  recently 
enjoyed  much  popularity  in  flywheel 
research.  In  addition  to  potentially 
very  high  energy  storage  capabilities, 
these  materials  tend  to  fail  by  shredding, 
making  them  far  safer  than  steel.  Glass 
fibers  and  plastic  aramid  fibers,  e.g., 
Kevlar,  have  been  investigated  extensive¬ 
ly.  Graphite  fibers  are  also  being  con¬ 
sidered  in  light  of  expected  cost  reduc¬ 
tions  in  the  near  future. 

Cellulosic  fibers  such  as  wood  and 
bamboo  have  been  suggested  as  flywheel 
materials  by  D.  W.  Rabenhorst^  because  of 
their  surprisingly  high  strength  to  den¬ 
sity  ratios  and  low  costs.  He  discussed 
the  comparative  advantages  and  potential 
applications  of  compressed  wood  in  a 
vacuum,  and  suggests  areas  for  further 
research.  Another  investigating  team  2 
has  cited  estimates  of  tensile  strengths 
of  natural  fibers  and  of  costs  for  small 
scale  production.  A  comprehensive  review 
of  current  flywheel  research  revealed  that 
no  work  has  been  done  to  clearly  establish 
the  technical  and  economic  practicality 
of  wood  pr  cellulosic  fibers  as  flywheel 
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materials. 

This  paper  presents  an  overview  of 
the  existing  technology,  especially  for 
wood,  as  it  relates  to  flywheel  applica¬ 
tions;  the  need  for  further  research  in 
various  areas  is  described.  The  charac¬ 
teristics  of  different  species,  and  the 
effects  of  environmental  conditions  and 
assembly  methods  on  energy  storage  capa¬ 
bilities  are  discussed.  Special  attention 
is  given  to  the  moisture  content  of  wood 
as  it  relates  to  use  in  a  vacuum.  The 
working  strengths  of  wood  are  discussed, 
including  the  effect  of  fatigue  loading. 
Fracture  theories  and  related  empirical 
data  on  crack  propagation  are  presented. 
Finally,  methods  of  flywheel  fabrication 
and  the  economic  desirability  of  cellulo- 
sic  materials  are  discussed  with  numerous 
suggestions  made  for  additional  investi¬ 
gation. 


ENERGY  STORAGE  CAPABILITIES 

The  maximum  specific  energy* 
that  can  be  stored  in  a  flywheel  is 
directly  proportional  to  the  ratio  of  the 
working  tensile  strength  cr  to  density  p 
of  the  rotor  material.  This  may  be  writ¬ 
ten:  A 

^max  'Sn^^ax^*^^ 

where  the  constant  of  proportionality 
is  the  shape  factor  and  varies  between 
0  and  1.  The  shape  factor  is  typically 
0.6  for  a  cylindrical  homogeneous  rotor 
and  0.3  for  anisotropic  rotors  such  as 
the  multi  rim  or  brush  rotors  (or  for  a 
cylindrical  homogeneous  rotor  with  a  hole 
through  its  axis). 

The  characteristics  of  different 
species,  and  the  effects  of  environmental 
conditions  and  assembly  methods  on  the 
specific  strengths  are  discussed  below. 


*  The  strength  to  density  ratio  (a/p)  has 
the  units  of  N  m  kg-1  or  kJ'kg'^or  m2s-2  , 
and  is  here  called  the  specific  (per  unit 
mass)  energy.  This  has  also  been  called 
the  energy  density  by  Rabenhorst.  When 
engineering  units  are  used,  the  ratio  has 
the  units  of  length  when  the  acceleration 
of  gravity  is  surpressed.  This  is  called 
the  breaking  length  and  is  equal  to  the 
length  of  material  that  can  support  itself 
under  standard  gravity. 


Wood  and  other  plants  can  be  broadly 
defined  as  a  composite  of  cellulose  and 
hemi cellulose  fibers  bonded  together  by 
lignin  and  other  compounds.  They  are 
usually  characterized  by  alternating 
cylindrical  areas  of  fibers  of  slow  and 
rapid  growth  which  have  large  differences 
in  strengths  and  elastic  moduli  between 
them.  These  in  turn  have  crystalline  and 
non  crystalline  regions.  Because  of  the 
natural  distribution  of  properties  and 
defects,  and  the  cylindrical  orthotropy, 
statistical  methods  are  required  to 
accurately  characterize  wood.  Further¬ 
more,  wood  exhibits  nonlinear  time  depen¬ 
dent  elastic,  viscoelastic,  viscous  (creep), 
and  plastic  behavior  to  various  degrees 
at  all  levels  of  stress.  These  in  turn 
depend  on  the  previous  thermal,  moisture, 
and  stress  history.  An  excellent  review 
of  these  effects  was  made  by  Schniewind^. 
The  development  of  comprehensive  consti¬ 
tutive  equations  for  wood  is  still  in  the 
formative  stages.  Wood  is  often  consi¬ 
dered  an  elastic  cartesian  orthotropic 
solid  with  a  yield  point  to  approximate 
commercially  available  boards,  veneers, 
and  composites.  At  low  stresses  more 
rigorous  approaches  assume  a  linear 
viscoelastic  model.  The  strengths  of 
wood  along  the  grain  are  typically  twenty 
to  forty  times  greater  than  in  the  tan¬ 
gential  or  radial  directions.  Values 
of  the  orthotropic  coefficients  for  birch 
are  given  in  the  appendix. 

Pure  cellulose  has  a  density  of  1500 
kg  m-3  and  a  theoretical  static  tensile 
strength  on  the  order  of  18.9  GPa  (2  x 
106  psi)  for  continuous  chains.^  The 
stress  intensity  in  cell  walls  is  approx¬ 
imately  8.3  times  the  applied  stress, 
reducing  the  theoretical  strength  of 
individual  tracheids  to  2.28  GPa  (330,000 
psi).  Average  strengths  of  up  to  1.2  GPa 
(180,000  psi)  for  individual  Douglas  fiv 
tracheids  have  been  measured  by  Kers- 
avage.^  These  are  bound  together  in  the 
plant  to  form  a  porous  composite  with  a 
distribution  of  inhomogeneities  and 
defects. 

The  average  tensile  strengths  along 
the  grain  of  large  clear  samples  is 
typically  140  MPa  (20,000  psi)  or  an 
order  of  magnitude  lower  than  the  fiber 
strength;  small  samples  of  wood  and 
numerous  species  of  bamboo  are  often  two 
or  three  times  this  strong. 

The  densities  of  wood  are  typically 
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on  the  order  of  700  kg  m"3  which  results 
in  an  expected  specific  energy  of  200  kJ 
kg“l  (25  wh  lb*l ) (intrinsic) . 

SPECIES 

The  numerous  species  of  wood  exhibit 
a  tenfold  variation  in  both  strengths  and 
densities.  The  specific  energies,  how¬ 
ever,  only  vary  by  a  factor  of  two  to 
three.  The  strengths  of  various  plywoods, 
averaged  parallel  and  perpendicular  to  the 
grain,  and  the  corresponding  specific 
energies  are  listed  in  Tables  A1  and  A2 
in  the  Appendix.  Similar  values,  mea¬ 
sured  along  the  grain,  of  a  number  of 
tropical  woods  are  listed  in  Table  A3. 
Separate  tables  are  provided  in  order  to 
distinguish  the  comparatively  older  data 
of  Table  A1  since  those  values  do  not 
correspond  to  more  recent  experimental 
results. 

Note  that  over  twenty-five  species 
have  specific  energies  of  greater  than 
200  kJ  kg  (25  wh  lb-1)  along  the  grain, 
or  averaged  specific  energies  parallel 
and  perpendicular  to  the  grain  of  greater 
than  100  kJ  kg-1 ,  under  ambient  condi¬ 
tions.  Thus  these  values  of  specific 
energy  appear  to  be  reasonably  attain¬ 
able  and  will  be  used  as  base  values, 
even  though  individual  species  are  far 
stronger.  Further  data  is  available  in 
the  Holzatlas.7 

These  values  are  more  than  a  factor 
of  two  larger  than  experimental  values 
obtained  by  Rabenhorst.8,9  Further  ex¬ 
perimentation  is  needed  to  see  if  the 
strengths  are  reduced  this  much  when 
operating  in  a  vacuum,  or  if  defects  or 
experimental  stress  concentrations  (e.g. 
from  rapid  drying)  cause  these  reductions. 

The  bamboos  are  another  natural  cel- 
lulosic  species  with  very  high  strengths. 
Experimental  studies  by  Glenn'^  showed 
average  tensile  strengths  of  277  MPa 
(40,200  psi)  for  sections  without  nodes 
for  57  species  of  seasoned  bamboo.  These 
ranged  from  378  MPa  (54,800  psi)  down  to 
152  MPa  (22,000  psi).  For  sections  con¬ 
taining  a  node,  the  tensile  strengths 
are  somewhat  less  with  an  average  of  196 
MPa  (28,4000  psi),  varying  from  320  MPa 
(46,500  psi)  down  to  79  MPa  (11,500  psi). 
Strength  changed  little  with  seasoning, 
though  it  increased  somewhat  with  age, 
leveling  off  with  four  year  old  culms. 


30  m  (100  ft)  tall  and  up  to  25  cm  (10") 
in  diameter  with  walls  up  to  2  cm  (3/4") 
thick.  A  list  of  eleven  species  of  bam¬ 
boo  that  grow  to  15  cm  (6")  in  diameter 
or  larger  is  given  in  Table  A4.  It  may 
be  possible  to  veneer  these  large  species. 
(The  Hokusan  Company  in  Japan  is  currently 
producing  ornamental  bamboo  veneers.)  The 
decrease  in  strength  at  the  nodes  and  the 
short  lengths  in  between  would  appear  to 
limit  the  applicability  of  bamboo  to  small 
flywheels,  hardboard  type  composites,  or 
multi  ring  rotors  from  laminated  strips. 

The  comparatively  high  strengths  do,  how¬ 
ever,  invite  further  consideration. 

Though  no  densities  are  listed,  a  conser¬ 
vative  value  of  1200  kg  m"^  implies  that 
half  these  species  have  specific  energies 
along  the  grain  of  more  than  225  kJ/kg  for 
clear  sections. 

MOISTURE  CONTENT 

The  tensile  strength  of  wood  parallel 
to  the  grain  increases  fairly  linearly 
from  the  fiber  saturation  point  of  30% 
moisture  content  (m.c.)  down  to  ambient 
conditions  of  10%  m.c.  Kuch^^  gives  some 
evidence  that  the  tensile  strengths  of 
wood  parallel  to  the  grain  peak  between  8 
and  10%  m.c.  though  the  data  is  scattered 
due  to  the  natural  variability  of  proper¬ 
ties.  Measurements  of  the  tensile 
strengths  of  individual  Douglas  fir  tra- 
cheids  by  Kersavage  show  a  distinct  peak 
between  8  and  12%  m.c.  The  regression 
curve  through  the  points  is  given  by 
egs.  (1).* 

The  tensile  strength  of  dry  tracheids 
was  65%  of  those  at  12%  m.c.  Wood  may 
have  a  similar  reduction  in  strength  as  it 
drys  completely. 

Wood  is  very  hydroscopic,  thus  diffi¬ 
cult  to  dry  and  keep  dry.  Oven  drying  of 
wood  gives  a  slight  degradation  of  proper¬ 
ties  as  compared  with  vacuum  freeze  drying. 
More  experimentation  is  needed  to  better 
understand  the  strengths  of  cellulosic 
materials  at  0%  m.c.  in  a  vacuum. 

LAMINATES 

The  tensile  strength  of  laminated 
wood  or  plywood  increases  as  the  thick¬ 
ness  of  the  veneers  decreases  and  more 


*  Numbered  equations  are  listed  sequen¬ 
tially  at  the  end  of  the  text. 


Some  species  of  bamboo  grow  over 
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laminates  are  used.  However,  the  density 
also  increases  due  to  greater  volume  of 
adhesive  per  volume  of  veneer,  and  to  a 
corresponding  increase  in  compression. 

The  resulting  strength  to  density  ratio 
(a/p)  tends  to  decrease  as  the  veneers 
become  thinner. 

The  average  of  the  specific  strengths 
of  three  ply  Gibbon  plywood  are  shown  in 
Figure  1  for  five  thicknesses  and  three 
adhesives.  The  sapwood  was  measured 
separately  from  the  hardwood  plywood. 
Similar  results  are  obtained  from  the 
data  of  Preston12  on  yellow  poplar  with 
four  thicknesses  and  six  adhesives.  That 
data  is  more  scattered  with  several  of 
the  thinnest  veneers  showing  greater 
specific  energies.  The  overall  trend, 
however,  is  downward. 

Measurements  of  the  strength  of  mi¬ 
crotome  sections  of  wood  by  Biblis*'^  show 
that  the  tensile  strength  decrease  fairly 
linearly  with  thickness  below  about  200vm 
(.008").  The  tensile  strength  at  lOOym 
was  about  half  that  measured  in  a  modified 
ASTM  Standard  tensile  test  for  the  same 
zones.  This  is  apparently  caused  by 
cutting  the  tracheids,  and  by  the  greater 
incidence  of  shear  failure  within  the 
sample  due  to  shorter  fibers. 

The  costs  will  increase  with  increas¬ 
ing  number  of  veneers  and  larger  volume 


Figure  1.  Average  Intrinsic  Specific 
Energies  of  3  ply  Gibbon  Plywood  versus 
Adhesive  and  Veneer  thickness.  44 

Data  from  Princes  Risborough  Labs. (1974)^^ 


adhesives  used  with  the  thinner  veneers. 
Greater  uniformity  and  smaller  defects 
would  result  from  the  thinner  veneers. 
However,  the  existing  data  does  not  pro¬ 
vide  sufficient  incentive  to  use  veneers 
thinner  than  1  mm  (1/25"). 

The  strength  of  the  adhesive  bond  is 
usually  greater  than  the  shear  strength 
of  the  wood  so  that  failure  generally 
occurs  in  the  wood.  Penetration  of  the 
adhesive  and  its  toughness  affect  the 
overall  strength,  the  amount  of  compres¬ 
sion  and  the  density  of  the  veneer  - 
adhesive  combination.  (See  Figure  1) 
Phenolic  resin  adhesives  are  found  to 
generally  give  greater  specific  strengths 
than  urea  resins.  Surprisingly  the  animal 
glue  appears  even  stronger. 

The  data  by  Preston  suggests  that 
resorcinol  phenolic  and  phenolic  resins 
gave  the  largest  specific  energies  and 
strengths.  Resorcinol  and  melamine  bonded 
laminates  were  about  25%  lower.  These 
differences  in  specific  strengths  need  to 
be  compared  with  the  resulting  changes  in 
overall  costs.  The  comparative  specific 
energies  and  fatigue  properties  should 
be  tested  at  0%  m.c.  before  a  final  se¬ 
lection  of  adhesive  can  be  made. 


WORKING  STRENGTHS 
STATIC  LOAD  FATIGUE 

A  constant  stress  or  constant  strain 
will  cause  failure  in  wood,  distinct  from 
the  more  familiar  cyclic  fatigue  fracture. 
Comparatively  little  data  exist  on  these 
effects  under  pure  tensile  stresses,  since 
in  most  applications  wood  will  fail  in 
shear  before  it  does  in  tension.  The 
existing  literature  is  reviewed  by  Ger- 
hards.l4  The  constant  tensile  stress  that 
wood  can  sustain  decreases  in  proportion 
to  the  log  of  the  time  under  load,  (eqs.2) 
A  load  of  60%  of  the  static  strength  will 
cause  failure  in  bending  in  about  ten 
years.  There  is  considerable  scatter  in 
actual  results  due  to  the  natural  distri¬ 
bution  of  defects  in  wood.  Experimental 
research  in  progress  at  Washington  State 
University  is  investigating  the  effects 
of  constant  tensile  loads. '5 

Wood  is  often  considered  as  linearly 
viscoelastic.  At  high  strain  levels  or 
with  careful  measurements,  distinctly  non¬ 
linear  behavior  is  observed.  Echenique- 
Manrique^S  shows  that  a  non  Newtonian 
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hyperbolic  sine  stress  rate  function  fits 
the  measured  data  of  stress  relaxation 
much  better  than  a  linear  function.  He 
noted  that  the  rate  of  permanent  strain 
retention  begins  to  rapidly  increase  at 
strain  levels  between  0.25  and  0.30%. 
Sugiyama^^  also  noted  this  onset  of 
increasingly  rapid  plastic  deformation 
in  creep  under  constant  load  and  called 
it  the  creep  limit. 

Ivanov^ ^  noted  the  correlary  pheno¬ 
mena  of  a  sharp  increase  within  the  rate 
of  permanent  deformation  under  cyclic 
ramp  loading  to  increasingly  higher 
stress  levels.  This  observation  was 
reasonably  independent  of  rate  of  loading 
as  distinct  from  a  "proportional  limit" 
or  5%  offset  since  these  change  with  rate 
of  loading  and  accuracy  of  experimental 
instruments.  This  point  is  usually 
reached  between  50  and  60%  of  the  static 
tensile  strengths.  Ivanov  called  this 
point  the  "limit  of  plastic  flow  of  wood" 
and  suggested  it  as  the  lower  bound  on 
the  long  term  strength.  King19  presented 
further  data  along  these  lines.  Addi¬ 
tional  long  duration  tensile  testing  will 
be  needed  to  verify  this  proposition,  but 
the  phenomena  are  worth  noting. 


Fatigue  Cycles,  N 


Figure  2.  Strength  of  Birch  under  Cyclic 
Tensile  Fatigue  Parallel  to  Grain. 

Data  from  Lewis  (1951)^^ 

limit  of  about  40%  of  the  strength  of  air- 
dry  wood  as  determined  by  the  standard 
static  test." 


CYCLIC  LOAD  FATIGUE 

Sugiyama  conducted  bending  tests 
with  a  loading  cycle  of  one  day  on,  one 
day  off.  In  the  first  one  hundred  days 
this  resulted  in  less  reduction  in 
strength  than  an  equal  but  constant 
stress.  Comparatively  rapid  cyclic  ten¬ 
sile  testing  by  Kellogg^O  revealed  no 
significant  decrease  in  strength  up  to 
100  cycles.  Thus  for  low  frequency  ten¬ 
sile  stress,  creep  due  to  the  stress  his¬ 
tory  predominates  over  the  number  of 
cycles  in  causing  failure. 

Fatigue  studies  by  Lewis  on  Douglas 
fir  with  rapid  tensile  loading  parallel 
to  the  grain  indicate  that  the  average 
working  tensile  strength  is  85%  of  the 
static  strength  at  10^  cycles  and  65% 
at  106  cycles. (Fig. 2) 21  Lewis  •  recom¬ 
mended  useable  working  stresses  at  50% 
of  static  strengths  at  30  million  cycles. 
At  10^  cycles,  70%  would  probably  be 
suitable.  (Note  that  104  cycles  is  di¬ 
urnal  cycling  for  27.4  years).  Similar 
results  were  found  by  Egner  and  Roth- 
mund.-^2  jn  the  Wood  Handbook,  the  dis¬ 
cussion  on  fatigue  cites,  without  refer¬ 
ence,  "tests  in  fatigue  in  tension  para¬ 
llel  to  the  grain  indicate  an  endurance 


It  is  unclear  what  the  combination  of 
cyclic  fatigue  and  high  stress  is  on  a 
cellulose  rotor.  Rapid  cyclic  fatigue 
will  increase  the  internal  temperature 
somewhat,  decreasing  the  strength.  The 
magnitude  of  this  effect  should  be  fur¬ 
ther  investigated. 

PRESSURE 

The  combination  of  high  pressures, 
moisture,  and  elevated  temperature  will 
compress  woods  or  laminates  toward  the 
ultimate  density  of  1500  kg/m^.  This  has 
the  advantage  of  reducing  the  volume  of 
the  rotor  by  almost  a  factor  of  two,  but 
also  increases  its  price  due  to  the 
additional  processing  required.  There  is 
some  evidence  that  the  high  pressures 
increase  the  specific  energy  by  increa¬ 
sing  the  strength  faster  than  the  den¬ 
sity. 23  Further  study  is  needed  to 
better  understand  these  effects  and  the 
associated  production  costs  to  determine 
if  the  use  of  compressed  woods  or  lami¬ 
nates  for  flywheels  is  economically  prom¬ 
ising.  (See  Table  A5) 

FAILURE  THEORIES  AND  FRACTURE  MECHANICS 

The  fracture  mechanics  theories  of 


Griffith  modified  by  Irwin  to  include 
plasticity  (see  Knott^^)  were  first 
applied  to  wood  in  the  early  1960's  and 
experiments  are  continuing  to  test  the 
validity  of  the  results  with  greater 
accuracy. 

A  comprehensive  study  of  the  effects 
of  geometry,  humidity,  and  temperature  on 
the  critical  strain  energy  release  rate 
GjpWas  first  conducted  by  Porter^^  in  his 
doctoral  thesis.*  The  measured  values  of 
Gj^were  found  to  be  reasonably  indepen¬ 
dent  of  geometry  over  the  wide  ranges  of 
width,  height,  and  specimen  length  chosen, 
considering  the  natural  distribution  of 
properties. 

At  -195°C,  Gjpwas  almost  independent 
of  moisture  content,  while  for  the  oven 
dried  samples  Gjpincreased  only  about  20% 
over  the  temperature  range.  Increases  in 
moisture  content,  however,  essentially 
doubled  the  strain  energy  release  rate. 
Porter  suggested  that  the  changes  due  to 
moisture  were  due  to  viscoelastic  energy 
losses.  DeBaise,  Porter  and  Pentoney^Q 
monitored  acoustic  emissions  during 
studies  of -the  fracture  of  White  Pine  in 
tangential-longitudinal  and  radial-longi¬ 
tudinal  Mode  I  (opening)  crack  propaga¬ 
tion.  Measurements  of  this  critical 
strain  energy  release  rate  Gjq*  over  a 
wide  range  of  temperatures  and  moisture 
levels  were  fit  by  the  expression  in 
eqs.  (2).  This  would  indicate  that  under 
vacuum  conditions,  the  fatigue  strength 
of  wood  may  be  substantially  less  than 
under  ambient  conditions. 

CRACK  GROWTH 

Crack  growth  as  evidenced  by  acoustic 
emissions  was  initially  observed  at  ten¬ 
sile  stresses  between  5  and  20  percent  of 
the  stress  at  failure.  A  rapid  increase 
in  the  emission  rates  was  observed  during 
tensile  loading  near  the  maximum  stress 
at  failure.  Similar  increases  just  before 
failure  were  noticed  in  creep  under  con¬ 
stant  load.  The  fracture  history  could 
also  be  followed  in  micrographs  of  the 
RL  plane  fracture  surface.  These  coupled 
with  acoustic  emissions  indicated  numer¬ 
ous  short  crack  growths  caused  by  local 


*  The  first  subscript,  I,  refers  to  values 
of  the  critical  strain  energy  release 
rate  measured  during  Mode  I  crack  propa¬ 
gation. 


stress  concentrations  and  arrested  by 
regions  of  lower  stress  or  higher  resis¬ 
tance. 

Upon  correlation  with  temperature 
and  moisture  data,  these  results  indicated 
primarily  slow  fracture  propagation  above 
approximately  10%  m.c.  and  -10°C  where 
the  material  is  more  plastic.  Below  10% 
m.c.  the  wood  is  more  brittle  and  the 
crack  exhibits  numerous  short  jumps. 

Below  -10°C  and  above  10%  m.c.  growth  was 
characterized  by  a  few  long  jumps. 

Schniewind  and  Pozniak^^  have  applied 
fracture  mechanics  methods  to  studying 
failure  due  to  natural  defects  and  cracks 
("checks"  resulting  from  drying  stresses) 
in  wood.  Crack  lengths  of  cell  dimensions 
gave  fracture  toughness  of  40  kPa  ml/2 
(37  psi  inV2)  indicating  that  very  little 
stress  is  required  for  microscopic  crack 
growth  as  evidenced  by  the  acoustic 
emission  studies  of  DeBaise,  et  al . 

Further  experiments  by  Schniewind 
and  Lyon2o  indicated  a  theoretical  inher¬ 
ent  flaw  size  of  2.5  mm  (0.10")  which  was 
calculated  from  the  average  failure  stress 
of  samples  without  notches.  Approximately 
40%  of  the  samples  with  checks  of  this 
size  or  smaller  failed  away  from  the 
checks. 

Schniewind  and  Centeno29  ^^gn  made 
a  detailed  study  of  the  fracture  tough¬ 
ness  in  all  six  principal  systems  of 
crack  propagation  and  of  the  duration 
factor  for  cracks  propagating  parallel  to 
grain  in  air  dried  Douglas  fir.  These 
results  are  displayed  in  Table  1.  The 
values  of  the  critical  stress  intensity 
Kic  in  the  LT  and  LR  systems  for  Mode  I 
crack  propagation  were  almost  an  order 
of  magnitude  greater  than  in  the  other 
systems.  All  differences  (except  between 
the  TR  and  RT  systems)  were  found  to  be 
statistically  significant  at  the  1%  lev¬ 
el.  Tests  over  four  orders  of  magnitude 
in  time  showed  a  gradual  increase  in  Kic 
with  the  rate  of  loading  in  the  TL  system 
(but  with  considerable  scatter  in  the 
data).  The  empirical  expression  for  Kic 
is  given  in  eqs.  (4). 

The  effects  of  size  on  fracture  due 
to  heterogeneity  in  material  strength  was 
developed  by  Weibull^®.  The  non  negative 
coefficient  s  relates  the  nominal  stress 
at  fracture  Oq  to  a  characteristic  length 

I-  '=1'  Co-  A/L^ 
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Table  1.  Critical  Stress  Intensity 
Factors  for  the  Six  Principal  Systems 
of  Crack  Propagation  in  Douglas  Fir 


Crack 

Tensile 

Critical 

Stress 

Propagation 

Strength 

Intensity 

Factor 

Sy sterna 

MPa 

psi  VTnch 

kPa  \/m 

LT 

69 

2200 

2420 

LR 

69 

2450 

2690 

TL 

3.9 

281 

309 

RL 

3.2 

373 

410 

TR 

3.9 

323 

355 

RT 

3.2 

323 

355 

=  Longitudinal,  T  =  Tangential,  R  = 
Radial  directions;  the  first  index  refers 
to  the  normal  to  the  crack  plane,  the 
second  to  the  propagation  direction. 


in  which  A  is  a  constant.  Leicester^® 
has  calculated  theoretical  values  of  s 
for  orthotropic  materials  as  a  function 
of  notch  angle. 

Weibull's  weakest  link  theory  was 
used  by  Barrett^^  to  describe  the  signifi¬ 
cant  dependence  of  tensile  strengths  on 
volume  and  the  stress  distribution  within 
specimens.  Further  studies  by  Barrett32 
showed  that  the  critical  stress  intensity 
decreased  with  increasing  crack  width. 
Regression  analysis  of  all  existing  data 
using  the  weakest  link  model  gives  the 
expression  for  critical  stress  intensity 
written  in  eq.  (5).  These  size  effects 
take  on  major  importance  in  extrapolating 
laboratory  results  to  large  structures. 

Large  specimens  demonstrated  consid¬ 
erable  nonlinearity  and  slow  crack  growth 
under  tension.  Predicted  values  of  the 
critical  stress  intensity  correlated 
reasonably  well  with  experiments  using 
the  ASTM  5%  offset  procedure  for  critical 
load  but  were  much  lower  than  values 
derived  from  the  maximum  load. 

This  slow  crack  growth  in  Douglas 
Fir  was  studied  by  Mindess,  Nadeau,  and 
Ba.rrett33  by  the  double  torsion  method. 

At  low  velocities,  the  crack  growth  rate 

V  in  the  RL  Mode  I  crack  geometry  was 
related  to  the  stress  intensity  Kj  by 

V  =  a{Ki)"’ 

in  which  m  and  a  are  the  empirically 
determined  slope  and  rate.  A  plot  of  log 

V  versus  log  Kjwas  reasonably  linear  over 


four  orders  of  magnitude  in  velocity. 
Critical  stress  intensity  factors  were 
calculated  using  orthotropic  elastic 
compliances.  These  compared  reasonably 
with  values  obtained  by  other  studies 
when  crack  widths  were  included. 

‘The  time  to  failure  under  a  constant 
applied  stress,  found  by  integration,  is 
given  in  eq.  (6).  This  theory  gives 
reasonable  comparisons  with  strength 
reductions  in  long  term  loading  experi¬ 
ments  but  postulates  a  more  gradual 
slope. 

The  rapid  increase  in  crack  growth 
with  stress  intensity  described  by  Mind- 
ness  et  al .  is  strikingly  similar  to  the 
rapid  increase  in  acoustic  emissions  at 
about  90%  of  the  stress  at  failure 
reportedby  DeBaise,  Porter  and  Pentoney?” 
Both  these  effects  seem  to  parallel  the 
increasing  deviation  from  viscoelastic 
models  under  stress.  A  detailed  corre¬ 
lation  of  these  three  parameters  could 
provide  convenient  identification  of 
material  properties  which  could  be  used 
to  predict  the  effects  of  stress  on  the 
fracture  of  wood. 

The  strain  energy  release  rate  G  is 
strictly  limited  to  linear  elastic  mate¬ 
rials.  Rice24  has  proposed  a  J  integral 
for  nonlinear  elastic  materials  which  is 
path  independent  and  equal  to  the  rate 
of  change  of  potential  energy  with  crack 
extension.  This  theory  seems  to  be  more 
directly  applicable  to  wood  with  possible 
modifications  for  the  time  dependent 
properties.  The  data  from  preliminary 
tests  on  birch  plywood  proved  too  scat¬ 
tered  to  be  useful;  future  investigation 
will  require  more  stringent  controls  and 
larger  sample  sizes. 

Creep-rupture  tests  by  Bach34  and 
ramp  loading  to  fracture  tests  by  Bach 
and  Pentoney35  indicate  that  work  to 
failure  appears  to  be  a  constant  for  the 
material.  Bach  has  proposed  a  modifica¬ 
tion  of  Reiner-Weisenberg  theory  of 
failure  to  predict  time  dependent  frac¬ 
ture  of  wood. 36  This  allows  any  general 
viscoelastic  model  and  mode  of  mechanical 
loading.  It  predicts  failure  when  the 
viscoelastic  stored  energy  reaches  a 
material  dependent  constant.  Recently, 
a  damage  theory  for  wood  has  been  formu¬ 
lated  by  C.  C.  Gerhards37  who  is  conduct¬ 
ing  experiments  to  test  it. 
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ASSEMBLY  METHODS 

Each  of  the  major  flywheel  config¬ 
urations  can  conceivably  be  built  with 
natural  cellulosic  materials.  Veneers 
are  commonly  cut  in  2.4  m  (8  ft)  widths, 
but  lathes  exist  which  can  cut  veneers 
up  to  6.7  m  (22  ft)  wide.  Paper  simi¬ 
larly  comes  in  standard  widths  of  1.8  m 
(72")  and  hardboard  in  1  m  (40")  widths. 
These  could  easily  be  made  larger.  Manu¬ 
facturing  pseudoisotropic  cylinders  1  to 

2  meters  (3'  to  6')  in  diameter  and  1  to 

3  m  (3*  to  10')  in  length  weighing  one 
to  ten  tons  out  of  veneer  or  paper  should 
be  relatively  straightforward. 

Glue  bonds  are  generally  as  strong 
as  the  wood  or  paper.  Continuous  stips 
could  be  made  for  a  multi  ring  or  brush 
type  rotor  while  eliminating  defects. 
Natural  fibers  such  as  flax,  jute,  cotton, 
hemp  or  sisal  could  be  used  in  many  high 
performance  composites.  A  laminated  ply¬ 
wood  cylinder  has  been  used  initially  as 
a  simple  straightforward  configuration. 
This  can  be  used  as  a  base  to  compare 
other  configurations  within  later  devel¬ 
opments. 

Birch  and  beech  have  some  of  the 
highest  specific  strengths  and  best  grain 
uniformity  of  the  temperate  woods.  Cur¬ 
rently  45.000  m^  of  Baltic  birch  plywood 
made  of  continuous  plys  are  imported 
each  year,  while  overall  production  is 
possibly  200,000  m^.  In  the  U.S.  there 
are  137  x  10°  m^  of  standing  yellow 
birch  timber  and  185  x  106  m^  of  standing 
beech. T  with  planned  replanting,  one 
million  m3  of  timberwould  be  harvestable 
per  year  on  a  renewable  basis.  Suitable 
tropical  woods  such  as  Philippine  mahog¬ 
any  are  even  more  abundant.  Thus  there 
is  an  adequate  supply  of  material. 

The  immediate  feasibility  of  a  cel¬ 
lulose  rotor  can  readily  be  demonstrated 
by  laminating  commercially  available 
solid  birch  plywood  or  tempered  hardboard 
to  form  a  block  of  material.  This  can  be 
rough  cut  into  a  disk  with  a  bandsaw, 
then  turned  on  a  lathe.  Shafts  and  hubs 
can  be  glued  on  and  aligned  concentric¬ 
ally  and  the  flywheel  balanced  by  sanding 
material  off  the  surface. 

To  demonstrate  this,  a  small 
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flywheel  weighing  28  kg  (62  lbs)  has  been 
assembled  using  19  mm  (3/8")  commercially 
available  Baltic  birch  available  at  a 
cost  of  $0.50  kg.  This  flywheel  is  35  cm 
(14")  in  diameter  and  38  cm  (15")  long. 
Three  spin  tests  of  9.5  cm  (3/8")  thick, 

73  cm  (25  3/8")  diameter  disks  of  the 
same  material  demonstrated  a  static 
specific  energy  of  33  kJ/kg  (42  wh/lb) 
by  spinning  to  11,700  rpm.* 

For  experimental  studies  the  fly¬ 
wheel  was  turned  on  a  lathe  till  uniform 
to  +  .05  mm  (.002").  Recessed  wells 
were  turned  in  a  1  cm  deep  and  15  cm  wide 
to  accommodate  the  hubs  and  provide  a 
physical  support  in  case  of  adhesive  fail¬ 
ure.  The  ends  of  the  rotor  were  turned 
down  as  a  truncated  cone  so  that  the 
increased  stress  from  the  hub  recession 
was  eliminated  by  halving  the  radius. 
Similarly,  slightly  oversize  steel 
shafts  were  press  fit  into  aluminum  hubs, 
and  bonded  to  the  rotor  with  an  epoxy 
adhesive.  After  assembly  the  shafts 
were  turned  down  on  a  lathe  to  19.05mm 
(0.750''').. 

The  rotor  had  a  static  imbalance  of 
5  g-m  (7  in  oz)  which  is  equivalent  to 
the  center  of  mass  being  0.18  mm  off  axis. 
This  can  be  eliminated  by  sanding  off  a 
strip  of  10  cm  wide,  1  mm  deep,  the  length 
of  the  rotor.  The  complete  dynamic  im¬ 
balance  will  be  considered  in  balancing 
the  rotor.  Tests  will  be  needed  to 
determine  the  extent  of  imbalance  caused 
by  uneven  expansion  and  creep  of  the 
rotor  during  operation. 

A  number  of  immediate  improvements 
can  be  made.  For  example,  the  plywood 
could  be  made  with  an  interply  angle  of 
60°  instead  of  90°  to  raise  the  minimum 
strength  found  halfway  between  the  pri¬ 
mary  grain  directions.  The  average  ten¬ 
sile  strength  o^e  at  an  angle  6  to  the 
face  ply  for  90°  cross  plywood  is  written 
in  eq.  (7)38,47 

Experiments  on  fiberglass  composites 
indicate  overall  specific  strengths  of 
45%  of  the  uniaxial  fiber  strengths  for 
60 '’plys  as  compared  to  35%  for  90°plies.** 

*  Private  communication  with  D.  W.  Raben- 
horst.  Applied  Physics  Lab.,  Johns  Hop¬ 
kins  University 

**  Private  communication  from  Dennis 
McGuire,  Lord  Corporation,  1977 
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This  could  increase  the  experimental 
static  burst  specific  energies  28%  to 
45  kJ/kg  (5.6  wh/lb).  In  addition,  the 
press  fit  between  shaft  and  hub  could  be 
replaced  by  an  inertially  forged  joint 
which  could  have  90%  of  the  original 
strength  at  nominal  cost  in  quantity. 

The  elastic  moduli  of  cold-rolled 
steel  and  birch  plywood  are  203  GPa 
(29.5  X  10^  psi)  and  8.5  (1.2  x  106  psi) 
respectively.  This  large  difference  in 
the  elastic  moduli  usually  causes  failure 
at  the  hub  to  rotor  bond  with  conven¬ 
tional  adhesives.  An  elastomeric  bonding 
layer  developed  by  the  Lord  Corporation 
appears  to  have  solved  this  problem.^ 

Conventional  machining  and  balancing 
methods  of  removing  or  adding  material 
are  time  consuming  and  expensive.  Raben- 
horst  has  proposed  the  use  of  a  mechani¬ 
cally  adjustable  hub  to  balance  a  rotor. 
An  alternative  possibility  is  to  support 
a  flywheel  with  viscoelastic  restraints, 
and  spin  it  above  its  critical  speed. 

The  rotor  will  then  spin  about  its  true 
inertial  axis.  The  rotor  could  be 
attached  with  a  fluid  bonding  material 
and  allowed  to  rotate  on  this  axis  as 
the  bond  becomes  rigid.  Various  adhe¬ 
sives  and  elastomers,  or  inertial 
welding  or  brazing  might  be  used. 

For  commercial  production  plywood 
or  hardboard  could  be  cut  accurately  into 
disks  using  high  pressure  water  jets  or 
carbon  dioxide  lasers.  Alternatively, 
pulp  could  be  molded  directly  into  hard¬ 
board  disks.  These  disks  could  be 
rapidly  weighed  to  locate  inherent 
imbalance,  and  then  assembled  so  as  to 
eliminate  the  gross  imbalances. 

Currently  plywood  and  hardboard  are 
designed  for  visual  appeal,  moderate 
strength  and  good  weathering.  The  adhe¬ 
sives  and  forming  methods  could  be  refor¬ 
mulated  for  optimum  specific  energy  and 
toughness  at  0%  m.c.  Immediately  after 
pressing,  in  the  conventional  fabrication 
process,  the  hardboard  has  very  little 
moisture.  Maintaining  this  low  moisture 
content  rather  than  steaming  the  hard¬ 
board  to  ambient  conditions  as  is  cur¬ 
rently  the  practice,  could  eliminate 
much  of  the  problem  of  later  removing 
this  water,  and  of  the  subsequent 
stresses  involved  in  changing  the  mois¬ 
ture  content.  Production  costs  would 
also  be  reduced. 


Tempered  hardboard  is  made  by 
applying  pressure  and  heat  longer  to  fur¬ 
ther  polymerize  the  adhesives.  This  gives 
considerably  higher  tensile  strengths 
with  only  moderate  increase  in  cost. 
Further  experimentation  and  better  adhe¬ 
sives  could  most  likely  provide  substan¬ 
tial  improvement  in  the  specific  energy. 

Cellulose  materials,  especially  wood, 
appear  to  have  the  potential  for  commer¬ 
cial  production  using  existing,  or  soon 
to  be  developed,  methods.  Wood  science 
and  technology  have  been  rapidly  expand¬ 
ing  to  meet  the  demand  for  more  accurate 
measurements  of  wood's  physical  proper¬ 
ties  and  for  better  methods  to  character¬ 
ize  the  performance  of  wood  structures. 
This  is  exemplified  by  recent  texts  on 
wood  and  composites  by  Kollman39,40  and 
Jayne. Al 

ECONOMICS 

The  cost  of  the  cellulose  materials 
and  assembly  is  a  very  strong  function  of 
the  abundance  of  the  material,  the  quali¬ 
ty  of  the  product,  and  the  demand  for 
production.  Most  paper,  hardboard,  and 
plywood  is  manufactured  to  meet  the 
requirements  of  the  printing  and  construc¬ 
tion  industries.  As  such  they  must  meet 
stringent  moisture  endurance  and  visual 
standards.  On  the  other  hand  interior 
defects  and  interior  laminations  of 
inferior  woods  are  widely  tolerated. 

Plywoods  used  in  aircraft,  pattern¬ 
making,  and  other  specialized  industries 
must  be  uniform  throughout  and  have  good 
dimensional  stability.  About  45,000  m3 
(33,000  tons)  of  solid  Baltic  birch  ply¬ 
wood  are  imported  to  the  U.S.  annually. 
Local  prices  for  this  fairly  high  quality 
birch  are  given  in  Figure  3  for  carload 
quantities  (i.e.  for  production  runs  of 
approximately  100  residential -sized  fly¬ 
wheels).  This  product  has  knots  in  the 
interior,  and  exterior  knots  are  removed 
and  plugged.  If  these  are  located  near 
the  center  of  the  wheel  the  effective 
useable  strength  could  be  halved,  as  spin 
tests  by  Rabenhorst  reveal . 

Plywood  made  without  knots,  or  with 
knots  away  from  the  center,  would  proba¬ 
bly  double  the  cost.  For  example,  a  high 
quality  beech  plywood  suitable  for  pat¬ 
ternmaking  costs  $1. 00/kg.*  Compressing 


*  Manufactured  in  Germany  by  Blomberg 
Holtz  Industry 
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this  beech  to  its  ultimate  density  of 
1370  kg/m3  raises  the  cost  to  $2. 00/kg 
in  carload  quantities.  Standard  hard- 
board  (masonite)  by  comparison  costs  on 
the  order  of  $0.20  -  0.25/kg,  while  Kraft 
wrapping  paper  costs  $0. 45/kg  in  carload 
(25  ton)  quantities. 


3  6  9  12  15  18 
Thickness,  mm 

Figure  3.  Retail  Prices  of  Solid  Baltic 
Birch  Plywood  Grade  BB  (1977) 

Knots  on  both  surfaces  are  removed  and 
plugged;  interior  layers  are  continuous 
birch  veneers  with  knots. 


To  estimate  the  energy  storage  poten¬ 
tial  of  a  laminated  rotor,  we  assume  an 
average  static  specific  energy  of  100  kJ/ 
kg  for  clear  plywood,  or  50  kJ/kg  for  ply¬ 
wood  with  small  knots  near  the  center. 
Working  strength  at  104  cycles  is  estima¬ 
ted  at  70%  of  static.  A  safety  factor  S 
of  70%  is  assumed  together  with  a  shape 
factor  Kp,  of  0.6  for  a  cylinder  giving  an 
overall  energy  storage  potential  of  30  kJ/ 
kg  (3.8  wh/lb)  for  clear  plywood  or  15  kJ/ 
kg  (1.9  wh/lb)  for  plywood  with  knots. 
Assuming  plywood  costs  of  $1. 00/kg  and 
$0. 50/kg  respectively  and  estimating 
assembly  costs  at  $l/kg,  we  obtain  15kJ/$ 
(4.2  wh/$)  and  10  kJ/$  (2.8  wh/$)  as  the 
material  cost  for  plywood  rotors  in  small 
production  runs  (e.g.  100  units  @  1  ton). 
For  comparison,  recent  costs  of  Kevlar2 
and  S-Glass  in  quantity  are  estimated  at 
$15/kg  and  $2/kg  respectively.  Assembly 
costs  are  estimated  to  be  $4/kg  by  virtue 
of  the  relative  difficulties  of  construc¬ 
tion,  machinery  and  labor  involved.  The 
relative  energy  storage  potentials  for 
these  materials  are  summarized  in  Table  2. 
The  storage  potentials  presented  for 
birch  plywood  are  intended  to  be  conser¬ 
vative,  as  are  values  for  other  species 
given  in  Tables  A1  -  A3.  However,  as 
discussed  above,  the  working  strengths 
in  a  vacuum  might  be  much  lower  than 
nominal  static  strengths  thus  lowering 
the  storage  potentials.  The  static  stre¬ 
ngths  assume  plywood  with  120°  interply 
angles  has  a  pseudoisotropic  strength  of 
the  average  of  the  axial  and  tangential 
tensile  strengths. 

Thus  wood  rotors  appear  to  compete 
favorably  in  cost  with  Kevlar  and  fiber¬ 
glass  as  a  rotor  material  on  the  basis  of 
preliminary  material  and  economic  estim¬ 
ates.  More  detailed  studies  are  needed 
of  the  entire  system  since  the  greater 


Table  2  Energy  Storage  Potential  and  Costs 


Material 

Strength 

CTo® 

MPa 

Density 

P  3 
kg/m'^ 

Fatigu( 

Factor 

fb 

Birch  Plywood 

160 

700 

0.7 

Clear 

Knotted 

80 

700 

0.7 

Kevlar  Composite 

1380 

1400 

0.7 

S-Glass  Composite  1 650 

2000 

0.3 

a.  Tensile  Strengths  Parallel  to  Fibers 

b.  Fatigue  Factor  ^  “  ‘^lO^/^o 

c.  Specific  Energy  =  SKfOg/p 


Specific 
Energy  ^ 
kJ/kg 

Material 

$/kg 

Costs 
Labor  ° 
$/kg 

Storage 

$/kJ 

34 

1.0 

1 .0 

0.06 

17 

0.5 

1.0 

0.09 

145 

15.0 

4.0 

0.13 

52 

2.0 

4.0 

0.12 

Safety  Factor  f  =  0.7 
Shape  Factor  K  =  0.3 

d.  Assumed 
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volume  and  mass  may  decrease  efficiencies 
and  increase  the  cost  of  associated  equip¬ 
ment  more  than  the  savings. 

SUMMARY 

The  established  technology,  low  cost 
and  moderately  high  intrinsic  specific 
energies  of  natural  cellulosic  materials 
appear  to  make  them  competitive  for  low 
cost  stationary  flywheels  where  mass  and 
volume  are  not  critical.  A  third  of  the 
species  studied  had  initial  axial  tensile 
strength  to  density  ratios  of  greater 
than  200  kJ/kg  (25  wh/lb).  These  values 
will  probably  be  reduced  somewhat  as  all 
the  moisture  is  removed.  Thinner  veneers 
appear  to  reduce  the  intrinsic  energy  dens 
ities  of  plywood  though  they  provide  grea¬ 
ter  uniformity.  High  pressure  during 
assembly  improves  the  intrinsic  specific 
energy  somewhat  and  doubles  the  density, 
but  may  also  double  the  cost.  Removing 
the  moisture,  and  high  temperature  assem¬ 
bly  may  prestress  the  rotor  causing  pre¬ 
mature  failure.  The  magnitude  of  all 
these  effects  needs  to  be  further  clari¬ 
fied. 

Tensile  fatigue  tests  under  ambient 
conditions  indicate  that  wood  has  a  high 
endurance  similar  to  other  polymeric  mat¬ 
erials.  However  fracture  mechanics  stud¬ 
ies  indicate  that  wood  is  more  brittle  at 
zero  moisture  with  significantly  lower 
strain  energy  release  rates.  Creep  in 
wood  under  constant  stress  also  reduces 


the  strength  and  can  result  in  eventual 
failure.  The  combined  effects  of  cyclic 
fatigue  and  sustained  stress  over  long 
periods  at  zero  moisture  is  unknown  and 
needs  further  study. 

A  pseudoisotorpic  cylindrical  cell¬ 
ulose  rotor  made  of  plywood  with  120° 
interply  angles  should  be  able  to  store 
30  kd/kg  (3.8  wh/lb)  over  10,000  cycles. 
It  appears  possible  to  readily  fabricate 
and  balance  large  flywheels  weighing  one 
to  ten  tons  at  reasonable  costs.  Medium 
quality  homogeneous  plywood  is  available 
for  $0.50  to  $1. 00/kg.  With  assembly 
costs  of  similar  magnitude,  overall  costs 
for  the  rotor  on  the  order  of  3-5  wh/$ 
seed  commercially  feasible,  making  cellu¬ 
lose  competitive  with  stationary  Kevlar 
or  S-glass  rotors. 

These  results  indicate  poorer  perf¬ 
ormance  than  previously  expected  but  that 
cellulose  rotors  still  appear  to  compete 
realistically  with  expensive  high  perfor¬ 
mance  fibers.  Further  experimentation 
is  required  to  reliably  define  the  prop¬ 
erties  of  cellulosic  rotors  over  the  fly¬ 
wheel  's  life  cycle  operating  conditions, 
and  to  demonstrate  cost  effectiveness. 
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EQUATIONS 

Tensile  strength  of  individual  summerwood  Douglas  fir  trachieds  as  a  function  of 
percent  moisture  content  x: 

a  =  774.8  +  53. Ox  -  1.97  xl  MPa 
°  =112,500  +  7,683  -  289  x'^  psi 


Empirically  the  tensile  strength  cr.  at  time  t  under  constant  stress  decreases 
logrithmically  from  the  initial  strength  as: 


a|.  =  cr.  -  A  In  t 


(2) 


T  in 


Critical  strain  energy  release  rate  G,- 
degrees  Kelvin,  and  the  moisture  contem 


as  a  function  of  the  absolute  temperature 
X,  in  percent  of  oven-dry  weight: 


G 


224  +  1.97(T-243)(l-e‘^/^) 

1.28  +  0.01125(T-243)(l-e“^/°) 


kJ/m^ 

psi 


(3) 


Critical  stress  intensity  Krp  as  a  function  of  time  to  failure  under  ramp  loading 
t  in  seconds: 


K,p  =  304.4  -  10.1  log  t 
=  276.1  -  9.2  log  t 


kPa  m’^ 
psi  ini^ 
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(4) 


Critical  stress  intensity  Kj^.  as  a  function  of  total  crack  width  B  in  inches: 

log  Kjj,  =  2.55  -  0.135  log  B  psi  in*^  (5) 

Time  to  failure  t  under  constant  applied  load  a  as  a  function  of  critical  stress 
intensity  K.p,  and  fracture  strength  a.,  in  which  m  and  a  are  the  slope  and  intercept 
of  the  In  V^^ersus  In  Kj  plot  where  V'is  the  crack  velocity: 

T  =  2[Kj(.  a^/cT^](2"'"V[(m-2)Y2a/  a]  (6) 

Average  tensile  strength  o’  ^  at  angle  0  to  the  face  ply  of  90®  cross  plywood  in 

which  0  and  0  are  the  ultimati^tensile  strengths  parallel  and  perpendicular  to  the 

grain,  Ind  0„yis  the  ultimate  shear  strength: 
xy 

a  „  =  (  cos^0.  +  sin^O  +  sin^0  cos^O  (7) 

xw  -  -  - - 
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APPENDIX 


HOOKE’S  LAW  FOR  ORTHOTROPIC  MATERIALS 

Hooke's  law  for  orthotropic  materials  can  be  written  according  to  the  matrix 
equations 

e  =  S_a_  and  £  =  £  £  where  £  = 

£  =  the  strain  vector,  a  =  the  stress  vector 

S  =  the  compliance  matrix  £=  the  stiffness  matrix 

~  ~  39 

Values  of  the  compliance  matrixes  are  sumarized  by  Kollmann  The  values  for 

Yellow  Birch  for  instance  as  measured  by  Doyle,  Drow  and  McBurney^'^  are  as  follows 
where  the  tangential  direction  is  first,  longitudinal  second  and  radial  third.  The 
compliances  S.  .  are  in  units  of  lO"^*^  Pa"l. 

*  J 


^11 

13.87 

^44  "" 

9.43 

$12 

=  $21  = 

-0.324 

All  other  $.j  =  0.0 

$22  = 

0.700 

^55  " 

41.7 

^13 

"  ^31  " 

-6.12 

^33  " 

8.93 

^66  " 

10.30 

^23 

""  ^32  " 

-0.343 

The  Youngs  moduli  £  and  the  shear  moduli  6  in  units  of  GPa  are: 


Ett 

=  1/Sii  = 

0. 

.721 

^LR 

II 

11 

1. 

060 

^LL 

\  VS22  = 

14. 

,3 

•^RT 

=  I/S55  = 

0. 

239 

^RR 

1. 

,119 

^TL 

=  1/^66  = 

0. 

971 

The 

bulk  Poisson' 

s  ratio  = 

■  ^31 

$12  +  S23 

_ 

0.288 

$11  + 

^22  ^33 

The  directional  Poisson's  ratios  can  be  obtained  by  taking  ratios  of  the  approp' 
riate  compliances.  Further  correlations  and  equations  can  be  found  in  Kollmann39  or 
Jayne^l . 


METRIC  CONVERSION  FACTORS 

1  lb  (avoirdupois)  =  0.4535924  »  1  psi  =  6.894757  x  10^  Pa 

1  kgf/cm^  =  1  kp/cm^  =  9.806650  x  10  Pa  1  wh/lb  =  7.93664  x  kJ/kg 
1  wh  =  3.6  kJ 

TABULATED  DATA 

Tables  A1  through  A5  appear  on  the  following  pages. 
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Table  Al.  Average  Tensile  Strengths  and  Specific  Energies  of  Common  Hardwoods® 


Species 
(Common  Name) 

Density 

P  3 

kg  /wr 

Moisture 

Content 

% 

Tensile  Strength^ 

MPa  Psi 

Specific  Energy 
crav/o 
kJ/kg 

Mohagany,  Philippine 
(Tanguile) 

530 

10.7 

57.4 

8,330 

108.4 

Birch,  Yellow 

670 

8.5 

72.1 

10,460 

107.6 

Beech 

670 

8.6 

70.0 

10,150 

104.4 

Basswood 

420 

9.2 

38.5 

5,590 

91.8 

Magnolia 

580 

8.8 

51.5 

7,475 

88.9 

Cherry,  Black 

560 

9.1 

49.6 

7,190 

88.5 

Cottonwood 

460 

8.8 

39.7 

5,760 

86.3 

Maple,  Hard 

680 

8.0 

57.6 

8,360 

84.8 

Poplar,  Yellow 

500 

9.4 

41.8 

6,055 

83.5 

Maple,  Soft 

570 

8.9 

46.8 

6,780 

82.0 

Sweet gum 

540 

8.7 

44.1 

6,390 

81.6 

Sycamore 

560 

9.2 

45.7 

6,625 

81.6 

Walnut,  Black 

590 

9.1 

46.6 

6,755 

78.9 

Elm,  Cork 

620 

9.4 

48.1 

6,970 

77.5 

Mahogany,  True 

480 

11.4 

35.1 

5,085 

73.0 

Douglas  Fir 

480 

8.6 

34.8 

5,050 

72.5 

Tupelo,  Black 
(Blackgum) 

540 

10.6 

38.9 

5,640 

72.0 

Ash,  Black 

490 

9.1 

34.9 

5,060 

71.2 

Hackberry 

540 

10.2 

37.7 

5,470 

69.8 

Elm,  White 

520 

8.9 

34.0 

4,925 

65.3 

Ash,  White 

600 

10.2 

37.4 

5,430 

62.4 

Mahogany,  African 
(Khaya) 

520 

12.7 

31.5 

4,570 

60.6 

Oak,  White 

640 

9.5 

37.7 

5,465 

58.9 

Oak,  Red 

590 

9.3 

31.3 

4,545 

53.1 

®Elmendorf,  A.  E.,  ed.,  "Data  on  the  Design  of  Plywood  for  Aircraft",  National  Advi¬ 
sory  Committee  for  Aeronautics  Ann.  Rpt.  (1920) 


^Average  of  tensile  strengths  parallel  and  perpendicular  to  face  grain  of  three  equal 
plies  .1  to  .5  inch  thick. 
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Table  A2.  Average  Tensile  Strengths  and  Specific  Energies  of  Tropical  Hardwoods® 


Density 

Moisture 

Average  Tensile 

Specific  Energy 

P  0 

Content 

Strength 

aav 

aav/p 

Species 

Birch,  Yellow 

kg  /m^ 

% 

Psi 

MPa 

kJ/kq 

710 

10.3 

13,605 

93.8 

132.0 

(Betula  Alleshani) 

Kawang  Jantong 

415 

9.1 

7,535 

52.0 

125.3 

(Shorea  Macrophyl ) 

Nkobakoba 

815 

9.3 

13,880 

95.7 

117.5 

(Triplochiton  scl ) 

Gagil  (Hopea  Sangal ) 

656 

8.6 

10,711 

73.8 

112.5 

Seraya,  White 

477 

8.8 

7,709 

53.2 

111.4 

(Sterculia  Rhinop) 

Seraya,  Red 

483 

9.5 

7,658 

52.8 

109.2 

(Parashorea  Malaa) 

Keruing,  Sabah 

725 

9.0 

11,472 

79.1 

109.1 

(Protium  Decandru) 

Seraya,  White 

627 

10.2 

9,507 

65.6 

104.5 

(Parashorea  Spp.) 

Pterygota,  African 

671 

9.5 

9,971 

68.8 

102.5 

(Gonystylus  Banca) 

Maho  (Khaya  Nyasica) 

631 

12.0 

9,355 

64.5 

102.2 

Kurokai  (Anigeria  Robusta) 

698 

9.8 

10,160 

70.0 

100.4 

Ramin  (Entandrophragma) 

667 

10.6 

9,652 

66.5 

99.8 

Kapur,  Saba 

646 

9.9 

9,275 

64.0 

99.0 

(Bryobalanops  Ian) 

Agba  (Gossweilerodend) 

577 

11.2 

7,934 

54.7 

94.8 

Selangan,  Red  (Shorea  Sp.) 

825 

8.7 

11,335 

78.2 

94.7 

Sepetir  (Shorea  Sp.) 

640 

10.1 

8,753 

60.3 

94.4 

Kauri,  Fijian 

552 

8.1 

7,527 

51.9 

94.0 

(Agathis  Vitiensi) 

Seraya,  Red  (Shorea  Spp.) 

469 

11.7 

6,324 

43.6 

93.0 

Baromall i 

819 

11.9 

10,863 

74.9 

91.5 

( Catos temma  Corranu) 

Afrormosia 

748 

9.6 

9,848 

67.9 

90.8 

(Pericopsis  Elata) 

Chile  Pine 

552 

12.7 

7,223 

49.8 

90.2 

(Araucaria  Arauca) 

Mora  (Newtonia  Buchana) 

969 

10.1 

12,575 

86.7 

89.5 

continued  next  page  _ _ _ _ 

®Princes  Risborough  Laboratories,  The  Strength  Properties  of  Timber,  Section  3  (1974) 
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Table  A2  Continued 


Species 

Density 

P  3 
kg  /m"^ 

Moisture 

Content 

% 

Average  Tensile 
Strength  aav 

Psi  MPa 

Specific  Energy 
aav/p 
kJ/kg 

Binuan  (Octotneles  Sumatr) 

415 

14.0 

5,337 

36.8 

88.8 

Landosan  (Sterculia  Prune) 

556 

9.6 

7,085 

48.9 

87.8 

Sterculia,  Brown 
(Sterculia  Oblong) 

862 

10.5 

10,936 

75.4 

87.4 

Poon  (Pterygota  Bequae) 

554 

12.3 

6,991 

48.2 

87.0 

Kembang  (Dipterocarpus  Ca) 

704 

7.8 

8,855 

61.0 

86.7 

Sterculia,  Yellow 
(Oxy stigma  Oxyphy) 

808 

9.3 

10,153 

70.0 

86.6 

Pine,  Scots 

(Pinus  Sylvestris) 

598 

11.2 

7,506 

51.8 

86.6 

Adwea  (Dacryodes  Klaine) 

802 

9.7 

10,051 

69.3 

86.4 

Gaboon  (Aucoumea  Klainea) 

465 

11.4 

5,765 

39.8 

85.6 

Kapur,  Saba 

(Dryobalanops  Bee) 

750 

9.2 

9,290 

64.0 

85.4 

Obeche  (Daniellia  Ogea) 

375 

9.8 

4,627 

31.9 

85.1 

Saple  (Shorea  Guiso) 

677 

10.5 

8,035 

55.4 

81.8 

Berlinia  (Berlinia  Cbnfusa) 

740 

10.4 

8,688 

59.9 

81.0 

Tchitola  (Entandrophragma) 

625 

7.0 

7,324 

50.5 

80.8 

Mahogany,  A.  Rican 
(Khaya  Ivorensis) 

679 

8.5 

7,890 

54.4 

80.1 

Danta  (Nesogordonia  Psp) 

735 

12.9 

8,535 

58.9 

80.0 

Muchenche  (Tarrietia  Util is) 

629 

8.7 

7,201 

49.7 

78.9 

Abura  (Mitragyna  ciliat) 

602 

9.2 

6,773 

46.7 

77.6 

Makore  (Mora  Excel sa) 

592 

10.0 

6,628 

45.7 

77.2 

Greenheart  (Ocotea  Rodiaei) 

998 

11.1 

11,023 

76.0 

76.2 

Utile 

617 

15.0 

6,744 

46.5 

75.4 

Douglas  Fir 

(Pseudotsuga  Menz) 

523 

10.8 

5,714 

39.4 

75.3 

Afara  (Terminal ia  Super) 

604 

11.5 

6,541 

45.1 

74.6 

Mahogany,  A.  Rican 
(Tiehgemella  Heck) 

560 

13.9 

6,019 

41.5 

74.1 

Niangon  (Baikiaea  Insigni) 

685 

12.0 

7,201 

49.7 

72.4 

Selangan  Batu 

(Pseudosindora  Pa) 

917 

8.2 

9,442 

65.1 

71.0 

Cebia  (Ceiba  Pentandra) 

412 

15.3 

3,989 

27.5 

66.7 

Ogea  (Calophyllum  Tone) 

410 

12.7 

3,909 

27.0 

65.7 
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Table  A3.  Tensile  Strengths  and  Specific  Energies  of  Tropical  Woods  Parallel  to  the  Grain 
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Kellogg,  R.  M. ,  and  Ifju,  G.,  "Influence  of  Specific  Gravity  and  Certain  Other  Factors  on  the  Tensile  Properties  of  Wood, 
Forest  Products  Journal,  Vol .  22,  No.  10,  October  1962,  pp.  463-470. 


Table  A4.  Species  of  Large  Bamboos® 


Bambusa  balcooa:  Baiku  Bans  (Bengali),  Baluka  (Assam),  Borobans,  Sil  Barua,  Teli  Barua, 
Wamnah,  Beru,  Betwa.  INDIA.  15  to  21  m  by  8  to  15  cm. 

Bambusa  polymorpha;  Kyathaungwa  (Burmese),  Betua  (Assam),  Jama  Betua  (Bengali).  INDIA 
(E.  Bengal)  and  BURMA.  15  to  24  m  by  8  to  15  cm. 

Dendrocalamus  asper:  Bulah  Betong,  B.  Ranching  (Malay),  Kuur  (Sakai),  Deling  Petung, 
Jajang  Betung,  Pring  Petung  (Java),  Awi  Betung,  Bitung  (Sudan),  Bambu  Batueng,  Pering 
Betung  (Sumatra),  Bontong  (P.I.,  teste  Hugh  Curran,  Jr.)  MALAYSIA:  Java.  30  m  by  15 
to  20  cm. 

Dendrocalamus  brandisii:  Kyellowa,  Waya,  Wapyu  (Burmese),  Wakay  (Warren),  Waklu.  INDIA 
and  BURMA.  24  to  36  m  by  12  to  20  cm. 

Dendrocalamus  qiganteus:  Wabo  (Burma),  Worra  (Assam).  INDIA.  24  to  30  m  by  20  to  25cm. 

Dendrocalamus  hookerii:  Seiat,  Ussey,  Sejasai,  Sigong,  Denga,  Ukotang,  Patu,  Tili,  Kawa 
Ule.  INDIA  to  UPPER  BURMA.  15  to  18  m  by  45  to  50  cm. 

Dendrocalamus  sikkimensis:  Pugriang  (Lepcha),  Wadah  (Garo  Hills),  Tiria,  Vola  (Nepal). 
INDIA  and  BHUTAN.  TT'to  18  m  by  13  to  18  cm. 

Gigantochloa  levis:  Kawayan-b6-o,  K.  Sina,  K.  Puti ,  Bohd  (Tagalog),  Bokd,  Bold,  Botong 
(Bisaya),  Butong  (teste  Hugh  Curran,  Jr.).  PHILIPPINE  ISLANDS.  20  m  by  15  to  20  cm. 

Gigantochloa  verticillata;  Whorled  Bamboo,  Bamboo  Andong  (Malay),  Pring  Soorat  (Java), 
Andong  Kekes,  Awi  Andong,  A.  Gambong,  A.  Liah,  A.  Soorat  (Sunda).  JAVA.  21  m  by 
15  cm  to  2  cm  thick. 

Guadua  angusti folia:  Guadua.  ECUADOR,  COLOMBIA,  and  PERU.  27  m  by  15  cm  to  2  cm  thick. 

Phyllostachys  bambusoides:  Giant  Timber  Bamboo,  Madake  (Japanese),  Kam  Chuk  (Chinese). 
CHINA  and  JAPAN.  23  m  by  15  cm. 


®McClure,  F.  A.,  "Bamboo  as  a  Building  Material",  Foreign  Agricultural  Service,  U.  S. 
Department  of  Agriculture,  May  1953,  pp.  32-39.46 

Table  A5.  Molding  Pressure  and  Specific  Energy^ 


Resin 

Resin  Density 

Tensile 

Specific 

Content  o 

Strength 

Energy  , 
kJ  kg^' 

%  kg  m 

MPa 

At  4.1 
A 

Mpa  (600  psi) 

28.0  1200 

301 

246 

B 

32.0  1240 

300 

242 

C 

28.5  1240 

330 

266 

At  10.3  Mpa  (1500  psi) 

Average  252 

A 

28.5  1360 

370 

272 

B 

31.5  1360 

377 

277 

C 

28.0  1370 

354 

258 

Average  269 

^Tensile  strength  parallel  to  grain  of  parallel  laminated  birch  Compreg  made  from  1.6  mm 
veneers.  Data  from  Seborg,  Tarkow  and  Stamm  (1962)^^. 
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CRITICAL  SPEED  FOR  STANDING-WAVE  INSTABILITY 
IN  A  FILAMENT -WOUND -COMPOSITE  RING -TYPE  FLYWHEEL 


C.W.  Bert 

School  of  Aerospace,  Mechanical  and  Nuclear  Engineering 
The  University  of  Oklahoma 
Norman,  Oklahoma  73019 


ABSTRACT 

Two  different  sol id -mechanics  analyses  are  made  to  predict  the  lowest  critical 
speeds  associated  with  so-called  standing -wave  instability  for  ring-type  flywheels  con¬ 
structed  of  filament -wound  composite  material.  This  type  of  instability  has  been  found 
to  occur  when  the  angular  speed  of  a  backward -traveling  transverse  wave  coincides  with 
the  disk*s  forward  rotational  speed,  so  that  the  wave  becomes  a  standing  wave  with  re¬ 
spect  to  a  fixed  reference  frame.  In  one  analysis,  thin-plate  theory  is  employed;  in  the 
other  thin-ring  theory,  including  both  twisting  and  out -of -plane  deformation,  is  used. 


INTRODUCTION 


For  over  fifty  years,  the  following 
facts  about  transversely  vibrating  disks 
spinning  at  constant  rotational  speed  (Q) 
have  been  known  from  experimental  obser¬ 
vations^:  The  transverse  motion  consists 

of  a  backward  traveling  wave  and  a  forward 
traveling  wave  of  smaller  amplitude.  Un¬ 
der  a  constant,  steady  axial  force,  criti¬ 
cal  speed  instability  occurs  when  the 
angular  speed  of  the  backward  wave  (u^n/n) 
coincides  with  Q.  Here  n  is  the  circum¬ 
ferential  wave  number  and  a)n  is  the  lowest 
frequency  associated  with  that  wave  number. 
Thus,  the  critical  speed  is  given  by 

^cr  = 


Additional  experiments  have 
reported  on  isothermal  spinning  disks'^ 
on  circular  saws  which  undergo  edge  heat¬ 
ing^  and  on  automobile  tires^. 


Most  analyses  of  transverse  vibra¬ 
tion  of  spinning  disks  have  neglected  the 
flexural  rigidity  of  the  disk,  i.e.,  the 
disk  was  considered  to  be  a  membrane, 
either  linear  isotropic^ linear  cylin- 
drically  orthotropicll~^2 ^  or  isotropic 
with  geometric  nonlinearity^ 


Plate  flexural  rigidity  was  included 
in  the  formulation  by  Goldberg  and  Setlur  , 
but  they  gave  no  significant  numerical 
results.  Barasch  and  Chen^^  included 
flexural  rigidity  in  their  numerical  anal¬ 
ysis  and  confirmed  the  following  simple 


relation  among  the  natural  frequencies  of 
the  same  model  numbers,  first  hypothesized 
by  Lamb  and  Southwell^: 


2  2,2 

0)  =  0)  +  U) 

rm  np 


(2) 


where  (w  is  the  frequency  predicted  for  a 
rotating  plate,  cjUrm  of  a  rotating 

membrane,  and  tOpp  is  that  of  a  nonrotating 
plate.  Dugdale^  used  an  energy  approach, 
which  is  equivalent  to  the  use  of  Eq.  (2). 
Nowinski^^  considered  both  flexural  rig¬ 
idity  and  geometric  nonlinearity,  but  con¬ 
sidered  only  a  solid  disk. 

So  far  as  is  known  by  the  present  in¬ 
vestigator,  there  have  been  no  critical- 
speed  analyses  of  rotating  disks  of  cylin- 
drically  orthotropic  material.  In  view  of 
the  current  interest  in  flywheels  con¬ 
structed  of  such  materials  by  means  of  the 
filament -winding  process,  an  analysis  of 
this  problem  is  presented  here.  The  plate 
geometry  considered  is  that  of  a  concentric 
circular  annular  plate  such  as  could  be 
used  in  a  ring-type  flywheel. 

The  present  work  also  considers  the 
same  problem  by  application  of  linear  thin- 
ring  theory  including  twisting  of  the  ring 
cross  section  as  well  as  out-of -plane  dis¬ 
placement. 

Finally  numerical  results  are  pre¬ 
sented  for  some  typical  flywheels  under 
consideration  for  energy  storage  appli¬ 
cation  in  hybrid  automotive  vehicles. 
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ANALYSIS  USING  THIN-PLATE  THEORY 


The  basis  for  the  present  analysis 
is  Eq.  (2).  For  determining  curms  Ghosh's 
analysis^^ “^2  of  ^  cylindrically  ortho¬ 
tropic  spinning  membrane  is  used.  The 
numerical  results  obtained  by  Ramaiah  and 
Vijayakumar^^  for  the  natural  frequencies 
of  a  nonrotating  cylindrically  orthotropic 
plate  are  used  for  UD^p.  After  inserting 
cDrm  tJ^np  iJ^to  Eq.  (2)  to  obtain  uo, 

Eq.  (1)  is  utilized  to  obtain  the  critical 
speed  Qqi-. 

The  frequency  expression  derived  by 
Ghosh  may  be  written  in  the  following  form: 

a)^^(m,n)  =  K(m,n)  (3) 

where  m  and  n  refer  to  the  respective 
radial  and  circumferential  mode  numbers 
and 

K(m,n)  = 

-  <3Q,e-KJ,pn2](9Q,^-QQg)-l 
\  =  -%(cr»-2)+%[(crf2)2445n2]^  (3a) 

?  -  (qQre-H?ee)(qQrr+Q^e)-^ 
q  s  (Q00/Qj.^)% 

Here  the  Qfj  are  the  plane -stress -reduced 
stiffness  coefficients  which  are  related 
to  the  engineering  elastic  properties  as 
follows: 


^90  ’  ^re 


Qrr  =  =  l-V0rVre 


where  Eq  and  E^  are  the  Young's  moduli  in 
the  circumferential  and  radial  directions, 
V0r  is  the  Poisson's  ratio  associated  with 
uniaxial  loading  in  the  circumferential 
direction,  and  it  is  assumed  that 

^r6  ”  ^0r®r^^0’ 


is  0.508  for  a  disk  with  a  small  hole 
(ID/OD  =  0.1)  and  0.270  for  a  disk  with  a 
large  hole  (ID/OD)  =  0.9.  From  Table  2.30 
of  Leissa's  monograph^^,  we  find  that 
kcr  =27.3  for  ID/OD  =  0.1  and  2189  for 
ID/OD  =  0.9  at  mode  numbers  m  =  n  =  1. 

Here  kcr  =  ('Upn)iso  R^(ph/De)%- 

Table  1.  Material  Properties  of  Composite 
Materials  Considered. 


Property 

Aramid 

-epoxy 

Graphite 

-epoxy 

E0,psi 

11.0  X  10^ 

18.0  X  10^ 

E^,psi 

0.8  X  10^ 

1.28  X  10^ 

G^e.psi 

0.3  X  10^ 

0.85  X  10^ 

u 

CD 

0.34 

0.27 

pg,pci 

0.050 

0.054 

Thus,  by  applying  the  above  in  Eqs. 
(1)  and  (2),  one  obtains 


n^^(rpm)  =  (6O/2n)(h/Ro)(Q0g/12p)\^^(5) 

Applying  Eq.  (5),  we  obtain  for  R  =  10  in., 
QcrC^P^)  =  80,670  hk^r*  Then  Q^r^^rpm)  is 
1.39  X  lO^h  for  ID/OD  =  0.1  and  59.5  x 
lO^h  for  ID/OD  =  0.9.  This  indicates  that 
even  for  disks  as  thin  as  0.125  in.,  the 
critical  speed  predicted  is  well  above  the 
operating  speed  associated  with  ultimate 
material  failure, 

ANALYSIS  USING  THIN -RING  THEORY 

In  some  ring -type  fl37wheels,  the 
fl3A>^heel  rim  is  very  compact  and  it  is 
apparent  that  ring  theory  is  more  appro¬ 
priate  than  plate  theory.  The  analysis 
developed  herein  includes  the  preloading 
due  to  centrifugal  action  and  twisting  of 
the  ring  cross  section  as  well  as  out-of¬ 
plane  deflection. 

First  it  is  necessary  to  determine 
the  steady  hoop-tension  force  N^  resulting 
from  centrifugal  action.  The  equilibrium 
equation  is: 


The  lowest  value  of  m  for  which 
K(m,n)  is  positive  governs.  For  the 
material  properties  for  aramid  fiber - 
epoxy  composite  material  as  listed  in 
Table  1,  the  governing  value  is  m  =  1 
and  K(l,l)  =  0.357. 

From  Ref.  19,  we  find  that  for  n=l , 
the  ratio  of  ta  the  corresponding 
frequency  for  isotropic  plates,  (cDpn)iso* 


(N^/R)  +  Kj^U  =  pARn^  (6) 

where  A  =  cross-sectional  area,  =  radial 
elastic  foundation  constant  of  the  connec¬ 
tion  between  the  ring  and  the  hub,  R  s 
radius  measured  to  the  centroid  of  the 
ring  cross  section,  U^  =  steady  radial 
displacement,  and  p  s  ring -material  den¬ 
sity. 
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The  constitutive  relation  for  in¬ 
plane  stretching  of  the  ring  is 

=  (AEg/R)U^  (7 

Substituting  from  Eq.  (7)  into 
Eq.  (6)  and  solving  for  N^,  one  obtains 
the  following  result: 


2  2 
pAQ  R 


1  +  (K^R^/AEg) 


Using  Ojalvo*s  linear  thin-ring 
theory^^  as  a  basis,  one  can  write  the 
following  equations  of  motion.  For  out- 
of-plane  (axial)  displacement  w: 


1  N  .2  .2 

1_  _ 0  c  d  w  d  w 

"  ■  r2  se2  ■ 


where  =  out -of -plane  shear  force,  and  t 
=  time. 

For  rotation  about  a  radial  axis, 
neglecting  the  rotatory  inertia,  one  may 
write: 

1  \ 

where  s  twisting  moment  (torque). 

For  angular  motion  about  a  circum¬ 
ferential  axis,  one  has 


- ^  ^  -f  K  =5  -X  -  ^ 

R  ^0  R  ^  ^t’  ^m  .2 

dt 


where  =  mass  polar  moment  of  the  cross 
section  about  its  centroid,  Kt  =  twisting 
stiffness  of  the  rim-to-hub  connector,  and 
^  =  angle  of  twist. 

Using  Eq.  (10)  to  eliminate  ^  in 
Eq.  (9),  one  obtains 

^  '  R^  ae"  ‘  ’  at' 

The  constitutive  relations  for  the 
moment  and  torque  are 

M  =  -  D  -  -i- 

Q  00  \R  r2 

se 


■  ®66  (r2 


Substituting  Eqs.  (13)  into  Eqs. 
(12)  and  (11),  one  gets  the  following 
coupled  displacement  equations  of  motion: 


Hi  h2 

Li2  L22 


where  the  L^j  are  linear  differential  oper¬ 
ators  defined  as  follows: 


Hi  ■  -<'>00«66)''‘^'‘9  :  Hi  • 


-Doo)R-HK^  +  I_d2 


d^  H  d/d0,  etc. 


The  solution  of  Eqs.  (14)  for  a 
backward-traveling  wave  solution  (with 
(D  =  nO  for  a  standing  wave  with  respect  to 
fixed  space)  can  be  expressed  as 

w  “  W  cos(n9-Hut)  ,  4>  =  P  cos(n0-Kot)  (16) 

Substituting  Eqs.  (16)  into  Eqs.  (14) 
leads  to  the  following  frequency  deter¬ 
minant: 


Cii-  (l-C^)pAn^n^ 


where 


"22  ra 


T  2  2 

In  n 


=  0 
(17) 


-4  4  -4  2 

Hi  •  W  ”  +  V  " 

Hi  ■ 

Hi- * 

The  solution  of  Eq.  (17)  may  be 
written  as 

n  =  (l/n)[A^±(A^-Bj)^]^  C 

where 

A^  s  (l/2)[(Cii/pA)(l-Cn)'H(C22/lJ] 

‘i  ■  <HiHi-'u)/[p^H<‘-<=„>’ 


^  +  1 

r2  ae  R  ae/ 
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As  a  first  example,  Eq.  (19)  is 
applied  to  an  aramid -epoxy  ring  having  a 
rectangular  cross  section. 

Then 

A  =  hd  ;  I  =  (phd/12)(dV) 

(21) 

^00  =  ;  Dgg  = 

where  d  =  radial  depth  of  cross  section, 
h  s  axial  thickness  of  cross  section,  and 
P  =  a  dimensionless  factor  which  depends 
upon  the  d/h  ratio22.  it  is  assumed  here 
that  the  composite  material  is  transverse¬ 
ly  isotropic  with  its  plane  of  isotropy 
coinciding  with  the  cross-sectional  plane. 
Thus ,  -  G02  . 

For  the  example  design,  R  =  9.50  in., 
d  =  1.00  in.,  h  =  0.25  in.  Thus,  the  mean 
radius  and  cross  section  are  identical  to 
those  considered  by  plate  theory  in  the 
preceding  section,  except  that  now  h  is 
set  at  the  specific  value  of  0.25  in. 


16 

Dqo  =  (n/8)E^ab 


(22) 


R  =  R.  +  X  ;  X  =  4a/3Tr 
1 


where  a  =  radial  depth  of  cross  section, 
b  =  axial  semi -axis,  and  x  is  the  distance 
between  the  centroidal  radius  R  and  the 
inside  radius  R^, 

For  this  example  design,  a  =  2.375 
in.,  b  =  1.500  in.,  Ri  =  7.625  in.  In 
this  design  the  rim  is  attached  to  the 
hub  by  twelve  radial  band -type  spokes  of 
unidirectional  aramid -epoxy .  These  bands 
are  estimated  to  provide  an  equivalent 
radial  foundation  stiffness  of  Kr  =  53,600 
psi.  Using  the  graphite -epoxy  properties 
listed  in  Table  1  and  Eqs.  (22),  the 
lowest  critical  speed  for  this  design  is 
found  to  be  45,600  rpm,  which  is  about 
147o  above  the  predicted  burst  speed  based 
on  static  strength  considerations. 


Inspecting  Eqs.  (18)  and  (20),  one 
notes  that  the  radial  stiffness  Kr  of  the 
connection  between  the  ring  and  hub  must 
be  specified  in  order  to  calculate  the 
critical  speed.  If  Kr  =  0,  centrifugal 
action  allows  the  ring  to  expand  radially 
so  as  to  exactly  counteract  the  transverse 
inertia  effect  and  thus  results  in  (1 
-  Cn)=  0  and  a  critical  speed  that  has  no 
bound.  At  the  other  limit,  if  Kr  has  no 
bound,  the  ring  is  fully  restrained 
against  centrifugal  action  and  the  full 
transverse  inertia  takes  effect.  This 
results  in  Cn  =  0  and  a  minimum  critical 
speed.  The  resulting  critical  speed 
occurs  at  a  circumferential  wave  number  of 
2  and  is  equal  to  1,723  rpm.  This  is  a 
drastic  decrease  from  that  predicted  by 
plate  theory  in  the  preceding  section. 
Evidently  this  decrease  is  due  to  the 
strong  effect  of  the  twisting  flexibility 
as  well  as  the  omission  of  beneficial 
centrifugal  expansion  in  the  present 
calculation. 

For  another  example,  Eq.  (19)  is 
applied  to  a  Type  AS  graphite -epoxy 
ring  having  a  semi-elliptic  cross  section. 
The  flat  portion  of  the  cross  section  is 
at  the  inside  radius  and  the  curved  por¬ 
tion  is  at  the  outside  radius.  Then 

A  =  (n/2)ab 

I  =  p[(rr/8)ab(aW)-Ax^] 
m 


CONCLUSIONS 

Two  different  analyses  were  pre¬ 
sented  to  predict  the  lowest  critical 
speed  of  ” standing -wave  instability"  of  a 
ring-type  flywheel.  The  thin-plate-theory 
analysis  is  most  appropriate  for  a  flat 
ring,  i.e.  one  that  is  axially  thin.  The 
thin-ring-theory  analysis  is  most  appro¬ 
priate  for  a  ring  of  compact  cross  section. 
In  this  latter  analysis,  drastically  lower 
critical  speeds  are  predicted  when  the 
radial  stiffness  of  the  ring-to-hub  con¬ 
nector  is  large.  On  the  other  hand,  if 
this  stiffness  is  negligible,  the  lowest 
critical  speed  increases  without  bound. 
Numerical  results  were  presented  for  some 
typical  fl3n^heel  designs  of  current  inter¬ 
est  for  application  in  hybrid  automobiles. 
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ABSTRACT 

When  a  rotating  shaft  is  not  symmetric  with  respect  to  its  bearings,  the  choice  of  each  bearing 
stiffness  is  important  to  the  shaft  critical  speeds.  The  design  of  a  simple  machine  is  illustrated  to 
give  a  rationale  for  choosing  bearing  stiffnesses.  The  effect  of  shaft  rigidity  on  those  shaft  critical 
speeds  involving  the  bearings  is  also  demonstrated. 


DISCUSSION 

The  major  components  of  a  flywheel 
energy  storage  system  usually  receive  a  great 
deal  of  design  attention.  How  these  compo¬ 
nents  are  supported  on  their  bearings  should  be 
considered  carefully,  for  the  bearings  are  usu¬ 
ally  a  major  factor  in  determining  how  well  the 
machine  actually  performs.  The  bearings  have 
a  considerable  effect  on  the  critical  speeds  of 
the  rotor  and  are  crucial  with  respect  to  the 
operating  life  of  the  tnachine.  The  friction 
losses  in  the  bearings  are  equally  important 
since  they  represent  a  continuous  power  drain 
for  the  storage  system. 

A  typical  example  of  the  design  problem 
is  illustrated  for  an  inductor-alternator-fly¬ 
wheel  combination.  Because  the  electrical 
machine  is  attached  to  the  flywheel  on  a 
common  shaft,  the  resulting  rotor  is  asym¬ 
metric.  A  considerably  simplified  sketch  of  the 


Fig.  1.  Rotor  Dimensions  (inches). 


rotor  is  shown  in  Fig.  1.  In  a  practical  machine, 
the  shaft  is  not  a  uniform  cylinder,  but  has 
poles  and  flanges.  Consequently,  the  actual 
stiffness  is  not  easily  calculated  accurately.  A 
design  which  is  not  extremely  critical  to  shaft 
stiffness  is  then  desirable. 

The  bearings  for  this  machine  should  be 
chosen  with  the  following  criteria  in  mind: 

•  Shaft  critical  speeds  to  fall  outside 
the  operating  range  with  a  suitable 
safety  factor 

•  Shaft  criticals  not  to  be  a  strong 
function  of  shaft  stiffness  near  the 
operating  range 

•  Bearing  friction  to  be  as  low  as 
possible 

•  Bearing  life  to  suit  the  machine 
application — 3000  hours  at  operating 
speed  in  this  case 

To  keep  the  friction  loss  low,  ball  bear¬ 
ings  are  chosen.  For  the  size  machine  in 
question,  with  an  upper  operating  speed  of 
15,000  rpm,  the  maximum  radial  stiffness  avail¬ 
able  with  an  expected  bearing  ^fe  of  over 
3000  hours  is  approximately  2  x  10°  Ib/in.  Less 
stiff  bearings  can  be  obtained,  or  the  bearing 
housing  made  resilient  to  simulate  any  lower 
stiffnesses  required.  The  lower  limit  on  bearing 
stiffness  is  given  by  the  permissible  rotor 
motion  in  relation  to  air-gap  clearances.  Low 
stiffness  bearings  are  desirable  since  they  also 
have  lower  losses. 

Shaft  diameters  over  4  inches  would  not 
be  feasible  with  the  constraints  imposed  by  the 
electrical  design  of  the  inductor  alternator. 
Within  the  above,  limits,  the  range  of  bearing 
stiffnesses  2  x  10^  to  2  x  10°  and  the  range  of 
shaft  diameters  Ij  to  4  inches  were  investi¬ 
gated. 
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A  computer  program,  Link  III,  was  used 
to  calculate  the  shaft  critical  speeds.  This 
program  includes  gyroscopic  effects,  and  con¬ 
siders  the  effect  of  resilient  bearing  mounts  as 
well  as  the  mass  of  the  bearing  assembly. 
Figure  2  shows  schematically  the  properties 
that  are  entered  into  the  computer  program  for 
each  bearing.  In  the  case  under  consideration, 
the  stiffnesses  in  the  X  and  Y  directions  are 
easily  made  equal.  A  portion  of  the  stator  and 
housing  mass  was  assigned  to  each  bearing,  as 
bearing  mass,  and  the  stiffness  of  the  proposed 
vibration  isolation  was  used  for  the  spring 
stiffness  from  pedestal  to  ground.  It  was 
determined  that  this  spring  had  no  practical 
effect  upon  the  shaft  critical  speeds. 


The  results  of  the  computer  investi¬ 
gation  are  shown  in  Fig.  3.  Each  of  five 
separate  bearing  combinations  was  investi¬ 
gated  for  the  forementioned  range  of  shaft 
diameters,  to  4  inches.  The  five  cases  are 
juxtaposed  in  this  figure  to  allow  easy  compar¬ 
isons.  At  the  bottom  of  each  plot,  the  abscissa 
is  shaft  diameter,  and  below  this  the  bearing 
stiffnesses  for  each  plot  are  given.  The 
ordinate  is  shaft  speed,  with  the  desired 
machine  range  shown  as  a  heavy  line. 

Case  5,  at  the  right  side,  is  for  a  very 
stiff  bearing  near  the  flywheel,  and  a  soft  one 
at  the  free  end.  As  can  be  seen,  the  lowest 
critical  speed  is  near  the  lower  speed  range  of 
the  machine  for  any  shaft  diameter.  This 
bearing  combination  is  obviously  not  suitable. 


Fig.  3. 


Case  4,  which  has  a  stiffer  upper 
bearing,  shows  no  improvement  in  the  lowest 
critical,  and  the  second  critical  has  been 
brought  down  into  the  machine  range. 

Stiffening  the  upper  bearing  to  the 
practical  limit  is  done  in  Case  3.  Here,  for 
stiff  shafts,  the  lowest  critical  is  well  over  the 
highest  machine  speed.  This  bearing-shaft 
combination  is  acceptable,  but  is  not  ideal. 
Two  stiff  bearings  have  the  highest  friction 
losses,  and  the  lowest  mode  is  very  sensitive  to 
shaft  stiffness. 


The  lower  bearing  is  made  softer.  In 
Case  2,  the  lower  bearing  is  made  l/lOth  the 
stiffness  of  the  upper.  A  doublet  lower  mode 
appears  in  the  middle  of  the  operating  range. 
Softening  the  lower  bearing  still  more,  as  in 
Case  1,  gives  a  mode  pattern  with  a  doublet 
mode  well  below  the  operating  range  and  the 
next  highest  mode  well  over  the  highest  oper¬ 
ating  speed. 

Case  1  has  a  mode-free  range  that  goes 
from  1/2  to  2  times  the  operating  range.  The 
soft  lower  bearing  has  low  friction  losses.  The 
low  speed  mode  is  associated  with  the  soft 
bearing,  and  is  not  a  dangerous  mode.  Essen¬ 
tially,  this  mode  is  the  boundary  between  low- 
speed  solid  body  rotation  about  the  shaft  mech¬ 
anical  axis  and  high-speed  rotation  about  the 
shaft  balance  axis.  In  a  well  balanced  machine, 
this  transition  would  not  be  noticeable. 
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MODE  SHAPES 

The  mode  shapes  for  the  critical  speeds 
less  than  1100  cps  are  of  interest  in  assessing 
the  operation  of  the  rotor.  Higher  critical 
speeds  are  not  determined  with  accuracy  by  the 
computer  program,  and  are  of  little  practical 
value  since  it  is  not  desirable  to  operate  above 
the  first  shaft  flexure  mode.  The  mode-shape 
plots  give  the  relative  deflection  of  the  shaft  at 
the  critical  speed  in  question.  There  is  no 
correlation  in  amplitude  between  the  deflection 
at  one  speed  and  the  deflection  at  another. 
Only  representative  mode  plots  are  shown,  as 
the  variation  in  mode  pattern  with  shaft  diam¬ 
eter  is  not  very  striking. 


Case  3  -  Mode  Shapes 


The  mode  plots  for  this  case  show  that 
the  soft  upper  bearing  is  involved  in  all  three 
modes.  The  lowest  frequency  mode,  at 
151  cps,  is  one  wherein  the  flywheel  and  upper 
bearing  vibrate  in  phase,  while  the  lower  bear¬ 
ing  is  almost  stationary.  The  middle  mode,  at 
434  cps,  is  associated  with  shaft  flexure  and  the 
upper  bearing  vibrating.  Note  that  the  flywheel 
does  not  wobble  in  this  mode,  as  the  slope  of 
the  curve  at  the  flywheel  position  is  essentially 
zero.  The  upper  mode,  as  718  cps,  is  associated 
with  in-phase  vibration  of  both  bearings  and 
considerable  flexure  of  the  shaft.  Note  that  in 
this  mode  the  flywheel  wobbles  at  shaft  fre¬ 
quency. 
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Case  4  -  Mode  Shapes 


In  this  case  the  increased  upper  bearing 
stiffness  shows  its  effect.  The  lowest  mode, 
139  cps,  is  the  classic  "both  bearings  in  phase," 
while  the  second,  at  239  cps,  has  "both  bearings 
out  of  phase."  These  two  modes  show  flywheel 
wobble.  The  third  mode,  at  700  cps,  shows 
shaft  flexure.  Since  the  upper  bearing  is  now 
more  rigid,  the  force  needed  to  displace  it  is  so 
great  that  the  shaft  deflection  shows  an  inflec¬ 
tion  point  at  the  flywheel. 
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The  second  mode  plot  for  Case  4  is  for  a 
soft  upper  bearing  and  a  very  limber  shaft. 
Note  that  for  all  modes  the  upper  bearing 
displacement  is  small.  The  doublet  mode  is  now 
at  146  and  202  cps,  and  a  difference  in  the 
mode  shapes  is  discernible.  Whether  the 
202  cps  mode  is  the  upper  one  of  the  doublet  or 
the  "lower  bearing  stationary"  mode  of  the 
previous  plot  is  moot.  There  is  no  practical 
difference,  but  the  data  taken  at  intermediate 
shaft  stiffnesses  indicate  that  the  latter  mode 
does  not  appear  for  shaft  diameters  below  2.75 
inches,  while  the  doublet  does.  Below  the  1.75- 
inch  diameter,  the  doublet  also  disappears.  The 
first  shaft  critical  is  now  at  788  cps. 
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Case  3  -  Mode  Shapes 

This  case,  for  two  very  stiff  bearings,  is 
more  complex  than  the  two  previous  cases. 
Three  mode  plots  are  shown  to  completely 
demonstrate  the  effect  of  shaft  stiffness. 
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First,  consider  the  plot  for  a  very  stiff 
shaft.  The  only  two  modes  found  in  the  range 
of  interest  are  the  classic  "bearings  in  phase"  at 
471  cps,  and  "bearings  out  of  phase"  at 
1051  cps.  The  471  cps  mode  is  exactly  at  the 
calculated  frequency  for  a  system  composed  of 
rotor  mass,  spring,  and  bearing  mass  with  no 
rotary  effects  at  all.  This  frequency  is  shown 
as  a  dashed  line  in  Fig.  3. 

The  sharp  curvature  at  the  left  edge  of 
the  1051  cps  mode  is  due  to  the  reduced  shaft 
diameter  for  the  bearing. 
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The  second  plot  for  Case  3  is  for  a  shaft 
of  intermediate  stiffness.  The  lowest  mode  has 
decreased  in  frequency  to  343  cps.  The  upper 
mode  of  the  first  plot  has  decreased  in  fre~ 
quency,  and  a  third  mode  has  become  apparent. 
This  mode  is  the  same  one  that  was  the  highest 
mode  in  Cases  4  and  5.  On  this  plot,  it  is 
difficult  to  tell  which  is  which.  Since  the 
frequencies  are  close,  this  is  of  no  practical 
concern. 
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The  third  example  of  Case  3  is  for  a  very 
limber  shaft.  Here  the  upper  bearing  is  seen  to 
be  always  almost  completely  rigid.  The  lowest 
mode,  at  205  cps,  is  still  the  "bearings  in  phase" 
mode,  and  the  two  higher  modes  are  almost 
identical  from  flywheel  to  upper  bearing.  They 
differ  only  in  the  amplitude  of  the  lower 
bearing  vibration  and  the  amount  of  flywheel 
wobble.  If  we  associate  the  mode  having  the 


greatest  wobble  with  the  shaft  flexure  mode, 
we  see  that  at  874  cps  it  is  lower  than  the 
"bearings  out  of  phase"  mode  at  963  cps. 
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Case  2  -  Mode  Shapes 


This  case,  with  the  lower  bearing  1/lOth 
the  stiffness  of  the  upper,  shows  a  marked 
difference  in  the  mode  plots  from  the  previous 
three  cases.  Here  the  lowest  plot,  for  175  or 
183  cps,  shows  essentially  no  shaft  deflection, 
only  vibration  of  the  lower  bearing.  This  mode 
doublet  is  slightly  higher  in  frequency  than  the 
calculated  resonance  of  rotor,  lower  bearing 
spring,  and  lower  bearing  mass.  It  is  a  doublet 
because  of  the  effects  of  shaft  mass  and  shaft 
stiffness. 

The  next  mode,  at  496  cps,  is  one  with 
the  lower  bearing  stationary  and  the  upper 
bearing  vibrating,  and  the  highest  mode,  at 
944  cps,  is  the  usual  first  shaft  critical.  Notice 
that  the  496  cps  mode  agrees  closely  with  the 
471  cps  mode  in  Case  3.  The  fact  that  the  shaft 
vibration  amplitude  at  the  bearing  is  small 
indicates  that  the  bearing  housing  vibration 
must  be  large. 
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Case  1  ~  Mode  Shapes 

This  case,  which  is  the  one  of  most 
practical  interest,  is  for.  the  least  stiff  lower 
bearing.  Note  that  the  low  frequency  doublet 
mode,  at  56  and  60  cps,  shows  absolutely  no 
shaft  deflection.  There  is  still  a  doublet 
because  of  the  shaft  distributed  mass.  The 
frequency  of  this  mode  again  agrees  with  the 
calculated  resonances  as  in  Case  2. 
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The  next  mode,  at  506  cps,  is  again  in 
agreement  with  the  upper  bearing  resonance 
calculation  and,  again,  has  a  large  upper  bearing 
housing  vibration  amplitude. 

The  last  mode,  at  933  cps,  is  the  first 
shaft  critical.  Note  that  these  last  two  modes 
are  essentially  unchanged  from  Case  2. 
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The  last  mode  plot  is  for  Case  1  and  a 
shaft  diameter  of  2  inches.  This  departure  from 
the  diameter  of  1.75  inches,  used  as  the  limber 
shaft  case  in  previous  plots,  is  because  the  low 
frequency  doublet  disappears  for  smaller  diam¬ 
eters.  For  the  1.75-inch  diameter  shaft,  the 
only  mode  found  is  the  first  shaft  critical. 


In  this  plot,  the  doublet  is  present  at  57 
and  60  cps  and  shows  some  shaft  deflection. 
The  first  shaft  critical  mode  is  at  771  cps, 
lowered  somewhat  by  the  flexible  shaft. 

It  is  evident  that  this  bearing  configura¬ 
tion  is  the  best  one  to  use  with  a  very  limber 
shaft. 


CONCLUSIONS 

In  many  practical  flywheel  applications, 
the  shaft  length  and  bearing  positions  are  not 
symmetric  with  respect  to  the  wheel.  For  many 
asymmetric  mountings,  there  is  a  clear  design 
procedure.  The  bearing  farthest  from  the  wheel 
is  made  much  stiffer  than  the  bearing  near  the 
wheel.  For  a  wide  range  of  stiffnesses,  the  only 
bearing  resonance  present  concerns  the  shaft 
mass  and  the  near  bearing  mode.  This  mode  can 
usually  be  made  so  low  in  frequency  that  it  is 
unobjectionable.  For  too  stiff  shafts,  the  far 
bearing  and  flywheel  resonance  may  be  present. 
A  properly  designed  mount  will  have  no  reso¬ 
nances  between  the  aforementioned  near  bear¬ 
ing  mode  and  the  first  shaft  critical. 


439  -440 


OVALIZATION  CRITICAL  SPEEDS  IN  ANISOTROPIC  ROTATING  DISKS 

Giovanni  Belingardi  -  Giancarlo  Gent a  Muzio  Go la 

Istituto  della  Motorizzazione  -  Bolitecnico  di  Torino 
Corso  Duca  degli  Ab3:uzzi  24  -  Torino  ’■  (Italy) 

This  work  was  sponsored  by  C.N.R,  (Italian  National  Research  Council) 


ABSTRACT 

The  use  of  materials  characterized  by  a  ultimate  strength  over  Young  Modulus  ratio  far 
higher  than  for  conventional  materials  in  the  construction  of  flywheels  *  leads  to  consi¬ 
der  the  potential  danger  due  to  the  critical  speeds  of  ovalization.  Flywheels  of  high 
strength  composite  materials  can  be  subjected  to  quite  large  displacements,  both  in 

radial  and  circumferential  (if  the  material  is  not  axially  simmetrical)  direction.  Shch 
rotors,  even  considered  with  rigidly  fixed  axis  of  symmetry  can  show  a  behavior  similar 
to  the  one  encountered  in  the  study  of  flexible  rotating  shafts,  and  usually  referred  to 
as  "critical  speeds". 

In  fact,  the  rotating  disk  can  displace  from  the  current  configuration  of  equili  - 
^^ium  taken  under  centrifugal  forces,  and  take  a  configuration  of  indifferent  equilibrium 
in  the  centrifugal  field  characterized  by  one  or  more  lobes. 

The  single  lobe  configuration  is  obviously  associated  with  the  lowest  "critical 
apeed"  and  displaces  the  center  of  mass. of  the  system  from  the  axis  of  rotation  while  at 
higher  "critical  speeds"  only  the  change  in  the  form  of  the  disk  does  occur. 

The  calculation  of  such  "critical  speeds"  was  performed  through  a  mddification  the 
Raleygh  -  Ritz  procedure,  originating  generalized  stiffness  matrix  and  mass  matrix  having 
as  unknowns  the  coefficients  of  interpolation  polynomial  of  the  displacements  over  the 
whole  field. 

The  chosen  interpolation  procedure  has  proven  to  be  a  convenient  one  also  from  the 
point  of  view  of  the  structure  of  the  solving  matrices. 


AIM  OF  THE  WORK 

During  a  research  program  concerning 
the  design  and  construction  of  composite 
material  flywheels  it  was  thought  conve¬ 
nient  to  calculate,  besides  the  stress 
state  in  the  disks,  also  their  possible 
ovalization  "critical"  speeds. 

In  fact  flywheels  built  using  high 
strength  and  low  elastic  modulus  materials 
(such  as  some  composite  materials;  parti¬ 
cularly  those  having  an  elastomeric  matrix) 
ban  be  subject  to  quite  large  displacements 
both  in  radial  an  d  circumferential  direc¬ 
tion  (if  the  material  is  not  axially  sim  - 
metrical) . 

This  fact  leads  to  consider  the  poten¬ 
tial  danger  due  to  the  critical  speeds  of 
ovalization. 

A  numerical  solution  has  been  searched 
for,  by  the  well  known  method  of  expressing 
radial  and  circumferential  displacements 
through  polynomials,  whose  coefficients 
are  calculated  by  me^ns  of  energy  principle 


methods^  2345^ 

As  only  rotors  obtained  by  filament 
winding  technique  were  considered,  the  ma¬ 
terial  is  assumed  to  be  axially  simmetrical, 
but.  also  other  cases  can  be  solved  with 
small  changes. 

Only  basic  assumptions  are  the  usual 
ones  of  plane  stress  state  and  of  elastic 
behaviour  of  the  material.  All  geometrical 
and  mechanical  parameters  are  considered 
variable  with  the  radius. 


MATHEMATICAL  PROCEDURE 
BASIC  EqUATIONS 

A  critical  speed  is  present  when  the 
disk  undergoes  a  system  of  displacements 
in  the  laantrifugal  field  for  which  the 
virtual  work  of  the  centrifugal  forces  is 
equal  to  the  one  of  the  stresses: 

K  fv  K  ‘IV  “  /  0)2  (r+u)s  dm.  (1) 

V  V  V  V  y 
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since  for  equilibrium  obviously; 
dV  =  /y  00^  r  s  dm, 
equation  {,1)  yields: 


E^  dV  =  u  s  dm. 


The  disk  is  studied. as  a  two-dimensio- 
nal  circular  body*  on  everv  point  of  which 
a  radial  displacement  u  and  a  circumferen-- 
tial  displacement  v  are  defined. 

Between  the  outer  radius  r  and  the 

e 

centre,  a  system  of  M  equally  spaced  cir-- 
cles  is  defined,  whose  radial  distance  is: 


Ar  =  r  /M  • 
e 


Thus  the  radius  of  the  k-th  (k  "-1,M) 
circle  will  be: 


r,  -  r  k/M. 
k  e 


The  points  of  the  k-th  ci3?cle  undergo 
a  radial  displacement  u^and  a  circumfe  - 

rential  displacement  v^,  thait  can  conven-- 
iently  be  expressed  through  periodic  fun¬ 
ctions  . 

Since  during  "critical"  deformation 
the  disk  becomes  mult i- lob ed,  the  number 
of  lob  es  being  dependent  oh  the  order  of 

the  speed,  ...the  period  of  functions  u  and 

k 

can  be  an  angle  0  =  2  TT/n  (n  =  1,2,  3, 

,••)  according  to  the  first  lowest  speed 
to  be  determined. 


Thus: 


y(x)  =  S  (^)  y(xj^)x*^  (1-x)^ 
k=o 


Thus,  after  neglecting  for  convenience 
the  constants  (|^)  ,  and  using  the  non-dimen¬ 
sional  vector  radius  X  instead  of  r,eq.(6) 
can  be  written: 

M  L 

f  u  =  2  2  u..  x‘^(l-x)“"^cos(i2Tre/0) 

I  tc^l  i“o 


ML  V  M-lr 

V  =  2  S  V.,  X  (1-x)  cos(i2'Tr0/0) , 

k=l  i=l  ^ 


=  [U]  {S}  . 

Calculating  the  virtual  strains; 


"uu  3r 


"  F  7  36 


1  ^  3v  . 

^UV  “  t  ^86  ^  3r  ^ 


by  using  the  shorthand  symbols: 
X(k)  =  x^ 


e 


CT(i)  *  cos  (i  2^  ^), 


ST(i)  =  sin  (i  2it 


-  2  u^^  cos  (i  2  TT  6/0) 


V,  =  2  V.,  sin  (i2  it  6/0)  i 

eC  •  ^  X  K 

1=1 


where  L  is  the  highest  harmonic  order  taken 
into  consideration. 


the  deformations  become: 


M  L 


e  -  2  2  u.,  DX(k)  CT(i)  (11) 

uu  1  T1  4 

k“l  1=0 


e  =22  u..  CT(i)  + 

k=l  i=o 


It  is  well  known^  that  given  M+1  e- 
qually  spaced  values  of  a  function  y(x) 
over  the  interval  (x  «  0,1^.,  the  following 
Bernstein  interpolation  formula  holds: 


M  L  xQO  ..  2ir, 

2  V.,  r  ^  1©  ^  CT(i) 

k=l  i»l 
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=  ST(i)  . 

K“1  1*0  ^ 


2  S  V.  DX(k)  -  Sl(i) 


Since  the  stress  strain  relationships 


Coefficients  are  produced  by  the  coef¬ 
ficients  of  only  variables  v  ,  • 

.  . 

Coefficients  C^^  are  produced  by  the  coef¬ 
ficients  of  variables  u.-  times  those  of 

Jh 

variables  v.,  • 
ik 

The  general  forms  of  these  coefficients  are: 


is  written: 


{a}  *  [e]  {e} 


substituting  eq*  (9)  into  eq.  (12)  the 
stresses  are  easily  obtained. 


DX(h)  .  CT(j)  .  [e  •  DX(k)  +  E  ’ 

cc  cr  r 

.  CT(i)  +  .  CT(j)  .  [E  .DX(k)  + 

r  cr 


generalized  stiffness  matrix 

Having  defined  a  generalized  displace¬ 
ment  vector 


(SI  . 


using  eq.  (8)  in  matrix  notation,  eq.  (9) 
can  be  written  as: 


.E  •  2^1.  CT(i) 

rr  r  r 


<-j  f  >  's.-  ^  •  <-i  r  )  •  SKi) 


f).  CT(j)  .  E„ 


X(k) 

r  *  ^^0 


:(i)  +  [  DX(h)  -  ]  .  ST(j)  .  . 


{e}  -  [A]  {S}.  (14) 

In  the  same  way  the  stresses  can  be  expres¬ 
sed  as: 


[•DX(k)  -  .ST(i) 


{cT}  -[B  1  {S}. 

Using  the  principle  of  virtual  work*  and 

choosing  aa-  compatible  strain  state  the 
same  chosen  for  the  equilibrium  stress 
state,  it  is  obtained: 

{e}’’’  {«}  -  {S}’’  [Al^  [B]  {S}.  (15) 

T 

The  product  [  A]  [  B]  gives  a  square  sjnnme- 
tric  matrix  [  C] ,  that  ts  the  generalized 
stiffness  matrix. 

This  matrix  can  be  ideally  divided  as 

follows:  I 

c  !  c 

uu  I  uv 

[C]  -  4 - -  (16) 

symm.  I  C 

I  w 


Coefficients  C^^  are  produced  by  the  coef-- 

ficients  of  only  variables  u., 

ik 


DX(h)  .  CT(i)  .  E  ■  .  .  (i  , 

cr  r  0 

CT(i)  +  ,  CT(j)  .  E^^  .  . 

(i^).  CT(i)  +  .  (-j  |1:)  ST(j)  . 

E  •  ('DX(k)  "  •  ST(i). 


As  the  disk  was  assumed  to  be  axially 
symmetrical  ,  it  is  possible  to  integrate 
the  coefficients  of  [  C]  along  0.  Moreover 
the  matrix  [  C]  takes  a  particular  band-form, 
since  the  integt^lgi 

0 

/  cos  (jZire/G)  cos  (i2Tre/0)de 


/  sin  (j2ir0/0)  sin  (i2TTe/0)d0 
0 


are  zero  when  i  j ,  only  the  fewer  for 
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which  i  =  j  are  then  to  be  calculated* 

If  the  geometrical  or  elastic  parame¬ 
ters  are  not  constant  with  0,  the  integrer 
tion  of  the  coefficients  of  [  C]  can  be 
performed  numerically,  but  in  this  case 
all  terms  of  [  C]  can  be  different  from 
zero. 


that  with: 

[C]'^  .  [F]  =[D]  (25) 

takes  the  canonical  eigen  values  form: 

[D]  -  tl]  {S}  =  {0}  (26) 

0)^  J 


Matrix  [  F]  is  symmetric,  and  has  the  role 
of  a  generalized  mass  matrix?  onlv  its 
coefficients  coding  feoii  products  of  u^^ 

bv  u.,  terms  are  nonzero/  These  coeffi'  - 
^  ik 

cients  have  the  form: 

;  x(h)  CT(j)  X(k)  CT(i)  dm,  (21) 

m 

and  thus  only  the  ones  with  j  ®  i  give  a 
non  zero  integral. 

Taking  into  account  eq.  (15)  end  eq. 
(20),  it  is  obtained 

[C]  .  {S}  =  wMf]  •  {S}  (22) 

Observing  that  [  C]  can  be  inverted 
while  [F  ]  cannot,  eq.  can  be  written 
as: 

{S}  =  0)2  [cl  ^  [p]  {S}  (23) 

and  thus: 

I-  {S}  -  ['(rr^  [Fl  {S}  (24) 

0)^ 


DISCUSSION  OF  THE  RESULTS 


In  order  to  test  the  correctness  of 
the  generalized  stiffness  matrix,  it  is 
possible  to  calculate  the  stress  state  in 
the  stable  configuration,  according  to  e- 
quation: 

tc]  {S}  =  {Q}  (27) 

where  the  vector  {Q}  due  to  centrifugal 
forces  comes  from: 

{Q}  =  {S}^.  [Ul.  (28) 

V  o 

The  general  term  of  Q  is  thus 

/  X(h)  CT(j)  .  0)2. r  dm  (29) 
m 

The  stress  state  was  calculated  for  va*> 
rious  disks,  and  compared  with  the  corre¬ 
sponding  solution  obtained  by  a  modified 
Mans on *s  method^. 

For  the  disk  under  consideration,  com¬ 
posed  by  a  fiberglass  -  epoxy  filament 
wound  rim  supported  by  a  quasi- constant 
stress  Ertalon  6  disk  (fig.  1)  the  stress 
state  is  shown  in  fig.  2  with  full  lines. 

This  solution  was  obtained  using  a  M  - 
6  degree  polynomial  along  the  radius. 

The  reference  solution  Motted  lines) 
was  obtained  by  the  method  shown  in  ref. 7. 

After  this  test,  the  calculation  of 
critical  speeds  was  started  employing  se¬ 
veral  values  for  the  degree  M  of  the  poly¬ 
nomial  and  for  the  maximum  harmonic  order 

L. 

It  was  found: 
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=:200mm 


Fig.  1  Viev  and  aection  of  the  disk 
taken  into  consideration. 


1#  the  solutions  are  not  influenced  at 
all  by  the  choice  of  maximum  harmonic 
order  L,  apart  of  course  from  the 
maximum  obtainable  number  lobes* 

2.  the  solutions  were  dependent  on  the  de¬ 
gree  M  of  the  polynomials,  and  a  satis¬ 
factory  value  was  found  to  be  M  “  7 
(fig.  3) 

3.  in  the  eigen  vectors  that  give  the  coef¬ 
ficients  of  the  disj^lacement  functions 
only  the  coefficients  related  to  one 
harmonic  at  a  time  are  non  zero. 

This  of  course  is  due  to  the  axialsym- 
me try  of  the  disk. 

The  first  three  deformed  configurations 
are  shown  in  fig.  4. 

The  maximum  radial  and  circumrerential 
8  tresses  in  the  rim  at  the  first  critical 
speed  are  respect;! vely  1205  MN/m^  and  28 
MN/m^. 

If  the  usual  de lamination  problems 
(which  caused  failure  at  a  far  lower  speed 
(6f  the  flywheel  shown  in  fig.  1)  can  be 


afMN/m) 


fig,  2.  Stress  state  at  1000  rad/s  in  the 
considered  disk. 

Full  lines;  proposed  methods  solu¬ 
tion  with  M  “  6. 

Dotted  lines:  finite  differences 
solution  (Mans on) 

overcome,  these  values  of  the  circumferen¬ 
tial  and  radial  stresses  are low  enough 
to  allow  the  flywheel  to  reach  the  first 
critical  speed. 

If  the  rim  were  built  using  a  composite 
material  with  elastomeric  matri^^,  the  cri¬ 
tical  speed  can  even  be  lower,  and  the  dan¬ 
ger  due  to  the  first  critical  speed  can 
be  reale 


445 


G)^=4000  rad/s 


Ftg.  3  -  First  four  critical  speeds  in 

function  of  the  degree  M  of  in- 
terpolating  pd)lynoniials* 


CONCLUSIONS 

The  proposed  method  allows  to  calcula¬ 
te  the  ovalization  critical  speeds  of  rota¬ 
ting  iisks, 

A  generalized  stiffness  matrix  is  ob¬ 
tained  that  has  a  triple-band  structure  , 
mos  t  of  the  elemeifts  being  zero. 

Results  are  presented  for  an  already, 
cons  trusted  disk;  the  first  critical  speed 
was  found  to  be  lower  then  the  speed  at 
wich  the  flywheel  would  bprst,  provided 
that  de lamination  problems  ennountered 
during  spin  tfests  are  solved. 


SYMBOLS 

m  mass 

r  radius 

r  otter  radius 

e 

s  general  virtual  displacement 

X  nandimensional  vector  radius  x  »  r/r 

[E]  plane  stress  stiffness  matrix  of  the 

material 


0)  =9570  rad/s 
2 


^3  rad/s 


Fig.  4  -  The  deformed  configurations  at 
the  first  three  critical  speeds. 
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E  volume  energy  for  basic  equilibrium 

^  configuration 

E’  volume  energy  for  additional  ”ovali- 
^  zation"  deformation 

L  maximum  harmonic  order 

M  order  of  interpolation  polynomials 

V  volume 

e  vector  angle 

0)  angular  velocity 
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EFFECT  OF  HUB  TO  RIM  STIFFNESS  ON 
SPIN-WHIRL  DYNAMICS  OF  PENDULOUS  ROTORS 

Charles  N.  McKinnon,  Jr. 

Systems,  Science  and  Software,  Inc. 


ABSTRACT 


The  principal  advantage  of  spin  testing  prototype  composite  material  rotors  in 
the  pendulous  mode  is  the  high  tolerance  to  mass  unbalance.  The  rotor  safely  whirls 
at  the  end  of  an  elastic  shaft.  The  two  degrees  of  freedom  in  the  usual  spin-whirl 
analysis  are  tilt  angle  and  radial  displacement  of  the  rigid  rotor. 

If  the  hub  and  rim  are  separate  bodies  coupled  by  finite  stiffness,  say  in  the 
form  of  spokes,  a  three  degree  of  freedom  system  results:  tilt  angle  of  hub,  tilt 
angle  of  rim,  and  the  common  radial  displacement.  The  steady  state  dynamical  equations 
are  cast  in  nondiraensional  form  and  result  in  a  frequency  equation  which  is  quadratic 
in  spin  and  sixth  order  in  whirl.  Solutions  using  typical  rotor  parameters  produce 
two  real  quadratic  spin  roots  for  a  range  of  assigned  whirl  frequencies.  The  resulting 
spin-whirl  maps  cover  four  decades  of  spoke  stiffness  and  are  similar  to  those  for  a 
rigid  rotor  with  the  addition  of  an  upper  branch. 

On  this  branch/  self-excited  vibrations  that  arise  at  discrete  spin  frequencies 
are  unstable  due  to  the  direction  of  spoke  hysteresis  force.  A  stability  criteria 
is  derived  which  is  a  function  of  the  spoke  to  shaft  stiffness  ratio  and  of  the  hub 
polar  to  diametral  inertia  ratio.  As  the  desired  spin  operating  frequency  increases, 
there  is  an  increase  in  the  minimum  stiffness  ratio  required.  At  a  given  spin 
frequency,  higher  stiffness  ratios  are  required  for  lower  hub  inertia  ratios.  The 
model  has  confirmed  experimental  results,  predicting  the  maximum  stable  spin  frequency 
within  5%  of  actual. 

Although  the  study  was  prompted  by  a  spoked  configuration,  the  results  are 
applicable  to  any  pendulous  rotor  with  finite  connection  stiffness. 


(Paper  Not  Submitted) 
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ADVANCED  FLYWHEEL  DEVELOPMENT 


P.  W.  Hill 
A.  A.  Vicario 
T,  C.  White 
T.  L.  Waltz 
Hercules  Incorporated 
Allegany  Ballistics  Laboratory 
Cumberland,  MD  21502 


ABSTRACT 


Design  studies  were  conducted  to  define  performance  potential  of  near  optimum  com¬ 
posite  flywheels  using  commercially  acceptable  material  property  values  and  safety  factors. 
Investigation  included  three  classes  of  flywheels:  (1)  disks  (hoop  wound),  (2)  shell  (hel¬ 
ical  wound),  and  (3)  spoked.  Fibers  studied  included  glass,  Kevlar,  and  graphite.  Op¬ 
timization  of  thickness  contours  for  disk  flywheels  was  accomplished  using  a  nested  ring 
model.  Highest  performance  in  a  contoured  hoop  wound  disk  was  provided  by  a  variable  mod¬ 
ulus  graphite  design  with  a  computed  operational  rated  energy  density  of  19.4  wh/lbm.  Fi¬ 
nite  element  stress  analyses  of  helical  shell  type  flywheels  with  hoop  wound  rims  were  con¬ 
ducted.  A  variety  of  failure  mechanisms  involving  intralaminar  shear  and  transverse  ten¬ 
sion  were  identified,  opening  new  questions  regarding  the  degree  of  severity  of  micromech¬ 
anics  type  failures  (resin  crazing)  in  non-critical  locations.  Rated  performance  approach¬ 
ing  40  wh/lbm  was  computed  for  the  best  configuration.  A  series  of  advanced  concept 
spoke /rim  designs  were  identified  and  screened.  The  pin  wrapped  concept  was  selected  as 
most  promising.  Two  wheels  of  this  type  are  being  built  for  delivery  to  Sandia  Laborato¬ 
ries.  Results  of  stress  analyses  and  a  description  of  the  fabrication  are  provided.  The 
paper  covers  work  on  contour  optimization  initiated  in  1975  through  fabrication  efforts 
continuing  through  September  1977. 


INTRODUCTION 

Kinetic  energy  storage  in  the  form  of 
rotating  masses  has  been  practiced  for  a 
very  long  time.  Today’s  interest  is  char¬ 
acterized  by  a  much  longer  cycle  period, 
extending  to  many  hours,  and/or  much  higher 
energy  density.  This  interest  brings  the 
flywheel  into  competition  with  electrical, 
chemical,  thermal,  and  other  forms  of  mech¬ 
anical  energy  storage  for  some  applications. 
However,  the  flywheel  in  all  forms  retains 
two  attributes  not  easily  provided  by  other 
storage  means  -  the  ability  to  deliver  very 
high  power  density  and  a  characteristic  re¬ 
sistance  to  performance  degradation  through¬ 
out  its  lifetime.  It  is  therefore  appro¬ 
priate  to  examine  means  by  which  the  energy 
density  may  be  improved  while  retaining  other 
advantages . 

Modem  concepts  of  composite  energy 
storage  flywheels  /include  many  different 
forms.  Among  these  are  radial  bars,  brushes, 
thin  spokeless  rims,  multiple  concentric 
rings,  thin  shells,  as  well  as  flat  or  con¬ 
toured  wheels.  Each  class  requires  a  dif¬ 
ferent  approach  for  optimum  design  synthesis. 


and  no  one  class  is  universally  superior 
to  date. 

For  these  problems,  uniqueness  of  the 
optimum  is  not  assured  in  the  real  world, 
and  certainly  the  formulation  of  the  math 
model  will  introduce  assumptions  and  re¬ 
strictions  that  probably  exclude  the  real 
optimum  from  the  region  of  search,  even  if 
it  exists.  Therefore  we  seek  near-optimum, 
compromised  solutions  that  lead  to  oper¬ 
ationally  practical  designs  at  an  acceptable 
cost.  The  law  of  diminishing  returns  applies. 

OBJECTIVES 

The  objectives  of  this  study  may  be 
concisely  stated  as  follows : 

1.  Evaluation  of  performance  poten¬ 
tial  of  commercially  acceptable  composite 
flywheels  in  simple  and  innovative  designs . 

2.  Definition  of  benefit  from  con¬ 
touring  circumferentially  wound  disk  type 
flywheels . 

3.  Screening  and  ranking  of  materials 
in  practical  configurations. 
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COMMERCIALLY  ACCEPTABLE  RATING 

Performance  potential  for  composite 
flywheels  is  quoted  on  a  variety  of  bases, 
ranging  from  system  delivery  values  to  the¬ 
oretical  fiber  strength/density  ratio  (CJ/p). 
Numbers  associated  with  a  given  material 
(Kevlar-49)  may  range  from  10  to  140  W-hr/ 
lb) ,  and  there  seems  to  be  little  hesitation 
in  comparing  the  theoretical  fiber  strength 
of  composites  to  the  system  delivery  value 
of  batteries  or  even  steel  flywheels. 
Standard  terminology  is  urgently  needed. 


in  load,  analysis,  material,  manufacturing, 
etc .  and  factors  of  safety  representing 
general  social,  professional,  and  commercial 
acceptance.  Figure  1  illustrates  the 
approach. 

CONTOURED  DISK  FLYWHEELS 

Although  the  contoured  disk  may  be  the 
least  sophisticated  of  all  flywheel  types  and 
has  been  dismissed  by  many  as  having  per¬ 
formance  potential  too  low  to  merit  deep 
study,  characteristic  advantages  include: 


SAFETY  MARGIN  ^ 


MATERIAL  i 
DEGRADATION  “n 


3^ 


DESIGN 

OPERATING 

SPEED 

(DOS) 


MAXIMUM 

PERMITTED 

OPERATING 

SPEED 

(MPOS) 


h - 

MINIMUM 

MATERIAL 

STRENGTH 

ALLOWABLE 


NOMINAL 

MATERIAL 

STRENGTH 

ALLOWABLE 


NOMINAL 

VIRGIN 

MATERIAL 

STRENGTH 


DEGRADATION  TO  DESIGN  ENVIRONMENT 


Material 

Variation* 

200®F 

Temperature  Degradation 
(7o  of  Ultimate) 

Degradation  Due  to 
Static  Fatigue 
(7o  of  Ultimate) 

Material 

Kevlar-49  Composite 

10 

3 

21 

15 

40 

40 

40 

Type  ASMS  Graphite 
Composite 

20 

0 

15 

15 

3 

20 

20 

S-2  and  E-Fiberglass 
Composite 

10 

10 

15 

15 

50 

55 

50 

*(-2<^)  variation  includes  material  handling,  fabrication,  test  data. 


Fig.  1.  Design  criteria. 


For  the  purposes  of  this  paper,  energy 
densities  are  compared  on  the  basis  of  en¬ 
ergy  stored  in  the  rotor  and  hub  at  the  max¬ 
imum  permissible  operating  speed  (MPOS) .  The 
MPOS  is  set  by  due  consideration  of  stress 
distribution,  material  strength  as  degraded 
by  the  operating  environment,  uncertainties 


(1)  Simple  fabrication,  low  cost. 

(2)  Simple  mechanical  coupling  to 
other  system  components . 

(3)  Dynamic  stability. 

(4)  Compactness. 
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THE  STRESS  SOLVER 


A  design  synthesis  study  was  conducted 
seeking  the  best  contour  for  disk  type  fly¬ 
wheels  made  from  fiber  reinforced  epoxy  com¬ 
posite  material.  The  method  combined  a  two- 
dimensional  stress  analysis,  modeling  the 
variable  width  disk  as  a  series  of  concentric 
contiguous  rings  of  differing  width,  with  an 
automated  search  procedure  to  adjust  the 
width  of  each  ring  until  the  energy  density 
was  a  maximum. 

The  objective  of  the  study  was  to 
achieve  a  realistic  appraisal  of  the  per¬ 
formance  that  could  be  expected  from  dif¬ 
ferent  materials  when  practical  constraints 
inherent  in  the  materials  and  designs  were 
considered  as  in  a  commercial  product.  The 
design  was  limited  to  filament  winding  in 
the  circumferential  direction,  leading 
inevitably  to  failure  predictions  in  the 
radial  (transverse  to  the  fiber)  direction. 
Thus  the  transverse  strength  of  the  mate¬ 
rial  became  critical. 

DESIGN  SYNTHESIS  STRATEGY 

The  framework  of  the  strategy  used 
herein  to  study  the  filament  wound  flywheel 
was  as  follows.  Given  the  outer  and  inner 
radii,  the  material  properties  and  the 
boundary  conditions  (prescribed  stresses  or 
deformations  at  the  inner  and  outer  surfaces), 
find  the  contour  of  the  sides  that  yields 
the  highest  energy  density  without  initiating 
a  material  failure  or  violating  a  minimum 
thickness  established  by  manufacturing  or 
extraneous  operating  conditions  (vibration, 
static  creep,  etc.).  An  extension  of  the 
problem  when  more  than  one  material  is  used 
is  to  find  the  best  placement  of  each  mate¬ 
rial  . 

The  critical  parameter  is  the  failure 
condition  at  every  point  in  the  wheel  which 
must  be  determined  by  comparing  the  stress 
state  with  a  prescribed  failure  criteria. 

The  design  variables  are  the  thicknesses,  or 
contour  description,  and  the  radial  location 
of  the  interfaces  between  different  mate¬ 
rials.  The  constraints  are  the  prescribed 
inner  and  outer  radii  and  the  minimum  thick¬ 
ness  .  The  measure  of  value  is  the  energy 
density  which  is  computed  such  that  failure 
is  impending  at  the  point  where  the  failure 
condition  is  the  highest.  A  dummy  load 
(spin  velocity)  is  applied  initially  to 
compute  the  stress  distribution,  after  which 
the  failure  velocity  and  energy  density  can 
be  computed. 


Compromise  is  immediately  encountered 
when  selecting  a  stress  solution  to  incor¬ 
porate  in  the  model.  Closed  form  solutions 
generally  require  restriction  of  geometry  or 
material  variation  to  simple  analytic  forms 
that  do  not  include  the  optimum  in  most 
cases . ^>2,3,4 

Finite  element  methods  can  model  both 
geometry  and  mathematics  to  a  high  degree  of 
satisfaction,  including  in  this  axisymmetric 
problem,  a  full  three-dimensional  treatment, 
but  are  very  expensive  to  use  in  parametric 
exploration  of  wide  ranging  design  features. 
However,  for  use  as  a  final  design  procedure 
to  refine  a  predetermined,  near-optimum 
solution  and  provide  accurate  stresses,  this 
method  is  satisfactory  and  has  been  used  by 
the  authors . 

Numerical  integration,  using  a  piece- 
wise  linear  approximation  for  the  contour, 
was  successfully  applied  by  Gerstle  and 
Biggs ^  for  design  synthesis  of  a  disk  fly¬ 
wheel  of  one  material.  This  procedure 
minimizes  the  incompatibilities  at  the 
segment  interfaces,  and  may  be  extendible 
to  multiple  materials. 

For  the  method  described  herein,  the 
disk  is  modeled  with  a  series  of  straight 
sided  concentric  ring  segments  (Fig.  2), 
similar  to  the  approach  of  Seireg  and 
Surana,^  but  which  may  be  of  any  prescribed 
material  having  polar  orthotropy.  The  solu¬ 
tion  proceeds  similarly  to  that  of  Toland,^ 
but  with  an  extension  to  admit  variable 
width  to  the  segments . 


Fig.  2.  Transfer  matrix  model  for  disk  of 
variable  thickness. 
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RESULTS 


It  is  important  to  note  here  than  an 
objective  of  this  study  was  to  sense  the 
best  that  might  be  expected  from  flywheels 
of  inherently  simple  design  and  manufacture— 
a  circumferentially  wound  wheel — recognizing 
in  advance  that  the  full  potential  of  the 
fiber  strength  cannot  be  realized  in  such 
designs.  The  fact  that  the  material  strength 
perpendicular  to  the  fiber  is  of  order  25- 
100  times  weaker  than  that  parallel  to  the 
fiber  and  the  stress  ratio  is  of  order  10 
for  wheels  with  ro/r^  ‘^0.5  causes  the 
critical  stress  invariably  to  be 

Design  properties  for  composite  mate¬ 
rials  were  established  using  commercial 
allowances  for  temperature,  creep,  fatigue, 
statistical  variations,  and  factors  of 
safety.  The  assumptions  used  to  determine 
the  design  properties  are: 


(Fig.  3)  are  comparable  with  those  presented 
by  Davis . ^ 


1.  Flywheel  to  operate  in  a  vacuum. 
Temperature  not  to  exceed  200®F. 

2.  Flywheel  to  be  capable  of  with¬ 
standing  load  cycles  between  1007o  and  70% 
of  design  operating  loads  for  10^  cycles. 

3.  Flywheel  to  be  cycled  between  10% 
and  100%  of  design  operating  load  for  3.2  x 
103  cycles. 

4.  Flywheel  to  be  capable  of  sus¬ 
tained  loading  at  design  operating  condi¬ 
tions  for  2.5  X  10^  hours. 


Based  on  available  data  to  date  on 
static  and  dynamic  fatigue,  static  fatigue 
at  2.5  X  10^  hours  is  the  most  critical 
condition  on  the  composite  flywheel  under 
transverse  tensile  loading  conditions  . 


Nominal  static  properties  at  77®F  are 
shown  in  Table  I  for  candidate  materials. 

The  design  criteria  are  summarized  in  Fig.  1 
and  the  design  allowables  for  Kevlar-49, 

ASMS  graphite*,  S-2  fiberglass  and  E-glass 
composites  are  presented  in  Table  2. 

The  optimization  of  the  steel  fly¬ 
wheel  was  performed  as  a  test  case  to 
verify  the  operation  of  the  optimization 
routine.  The  resultant  energy  density, 

12.9  watt  hours/lb,  and  the  optimum  shape 


*Hercules  *  Magnamite®  Graphite  Fiber  Type 
■  ASMS 


Fig.  3.  Steel  flywheel. 

Results  of  the  parametric  study  (Energy 
Density  vs.  Radius  Ratio)  for  composite  disk 
flywheels  of  a  single  material  are  presented 
in  Table  3.  The  significant  results  of  the 
study,  those  for  which  Ri/Ro  =  0,  are  energy 
densities  representative  of  a  complete  rotor. 
The  energy  densities  for  Ri/Ro  =  0.2,  0.5, 
on  the  other  hand,  are  representative  of  the 
composite  rim  only  (no  hub  or  hub  attach¬ 
ments)  .  For  Ri/Ro  =  0,  the  contoured  graph¬ 
ite  disk  flywheel  exhibits  the  highest  en¬ 
ergy  density,  12,5  watt-hours /Ibm.  It 
should  be  noted  that  the  material  ranking, 
ASMS  graphite,  Kevlar-49,  and  S-2  fiberglass,' 
(based  upon  the  energy  density)  results  from 
the  transverse  stress  critical  condition 
which  is  common  to  all  contiguous  hoop  wound 
designs.  Typical  optimum  flywheel  shape  and 
resulting  stress  distributions  for  the  com¬ 
posite  solid  disk  fljrwheels  (Ri/Ro  =  0)  are 
presented  in  Fig.  4.  Note  that  the  thin 
sections  might  require  thickening  to  with¬ 
stand  lateral  loads  or  improve  dynamic 
characteristics . 

Table  3.  Energy  density:  watt-hours/lb 
(kj/kg)  vs.  radius  ratio  Ri/Ro* 


n  /E 

Material  1 

S-2  Fiberglass 

Kevlar -49 

ASMS  Graphite 

0 

2.13 

4.42 

12.54 

(16.91) 

(35.09) 

(99.57) 

0.2 

2.81 

4.41 

12.20 

(22.31) 

(35.02) 

(96.87) 

0.5 

11.11 

9.04 

25.21 

(88.13) 

(71.78) 

(200.17) 
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Table  1.  Nominal  static  properties  at  room  temperature  for  candidate  materials. 


Property 

Kevlar-49 

Composite 

Type  ASMS 

Graphite 

Composite 

S-2  Fiberglass 
Composite 

E-Glass 

Composite 

Longitudinal  Tensile  Modulus,  Ej^j^,psi  (GPa) 

11.0  X  lO**  . 
(75.8) 

18.0  X  10^ 

(124.1) 

Transverse  Tensile  Modulus,  E22,psi  (GPa) 

1.0  X  10^ 

(6.9) 

3  X  10^ 

(20.7) 

Poisson's  Ratio, 

0.27 

0.25 

In-Plane  Shear  Modulus,  (GPa) 

0.30  X  10^ 
(2.1) 

0.85  X  10^ 
(•^.9) 

1.0  X  10^ 
(6.9) 

Longitudinal  Tensile  Strength,  F, ,  ,ksi  (MPa) 

^  T 

200 

(1380) 

220 

(1520) 

150 

(1030) 

Transverse  Tensile  Strength,  F22  ,ksi  (MPa) 

2.5 

(17.2) 

6 

(41.4) 

5.8 

(40.0) 

4 

(27.6) 

Longitudinal  Compressive  Strength,  F, ,  ,ksi 

C  (MPa) 

45 

(310) 

160 

(1100) 

86 

(595) 

90 

(620) 

Transverse  Compressive  Strength,  F„_  ,ksi 

^^C  (MPa) 

14 

(96.5) 

18 

(124.1) 

In-Plane  Shear  Strength,  Fj^2>^®^  (MPa) 

2.9 

(20.0) 

8 

(55.2) 

5 

(34.5) 

6 

(41.4) 

.050 

(1.38  X  10-^) 

.054 

(1.50  X  10-^) 

.072 

(1.99  X  10^) 

.075 

(2.08  X  10-^) 

Table  2.  Design  allowables. 


Type  ASMS 

Kevlar -49 

Graphite 

S-2  Fiberglass 

E-Glass 

Property 

Composite 

Composite 

Composite 

Composite 

Longitudinal  Tensile  Modulus,  x  10^  psi  (GPa) 

18.0 

7.2 

WSM 

(124.1) 

(49.6) 

KSSI 

Transverse  Tensile  Modulus,  E22  x  10^  psi  (GPa) 

0.9 

1.7 

■Bi 

IQQIII 

(6.2) 

(11.7) 

Poisson's  Ratio, 

0.33 

0.27 

0.24 

miQQiiiiiii 

In-Plane  Shear  Modulus,  G^2  ^  1®^  (GPa) 

0.25 

0.8 

0.7 

(1.7) 

(5.5) 

(4.8) 

mogniii 

Longitudinal  Tensile  Strength,  Fj^^  ,  ksi  (MPa) 

122 

102.0 

61.2 

(840) 

WBssm 

(703) 

(421) 

Transverse  Tensile  Strength,  f  ^  ,  ksi  (MPa) 

^  T 

1.3 

3.9 

2.7 

■M 

(9.0) 

(26.9) 

(18.6) 

Longitudinal  Compressive  Strength,  F.. .  ,  ksi  (MPa) 

^^C 

25.0 

140.0 

24.3 

(172) 

(965) 

(168) 

Transverse  Compressive  Strength,  F««  ,  ksi  (MPa) 

6.0 

11.0 

11.0 

7.7 

(41.4) 

(75,8) 

(75.8) 

(53.1) 

In-Plane  Shear  Strength,  F|^2’  (MPa) 

1.3 

5.0 

2.7 

2.3 

(9.0) 

(34.5) 

(18.6) 

(15.9) 

Assume;  ^  "^13 


^12  “  ^13  “  ^23 
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C7^X  10^  PSI 


Fig.  4.  ASMS  graphite  flywheel. 

Calculations  were  also  performed  to 
determine  the  optimum  graphite  disk  fly¬ 
wheel  with  a  linear  circumferential  compos¬ 
ite  modulus  (Ee)  distribution  along  the 
radius.  The  graphite  flywheel  was  assumed 
to  have  a  hoop  modulus  variation  of  15  x  10^ 
psi  at  the  center  to  33  x  10^  psi  at  the 
outer  radius.*  The  energy  density  for  the 
variable  modulus  graphite  disk  flywheel, 

19.4  watt-hrs/lb,  was  the  highest  energy 
density  calculation  for  a  solid  disk  fly¬ 
wheel  (Ri/Ro  =  0) .  Results  for  this  fly¬ 
wheel  are  presented  in  Fig.  5. 

In  addition  to  the  single  material 
disk  flywheels,  multi-material  flywheels 
can  be  optimized  using  the  same  approach. 

An  additional  variable,  the  radius  to  the 
interface  between  the  materials,  can  be 
adjusted  to  determine  the  optimum  location 
for  each  material.  Initial  results 
indicate  little  value  in  utilizing  any¬ 
thing  other  than  graphite  in  a  contour 
optimized  hoop  wound  disk  flywheel  due  to 
their  reduced  transverse  strength. 


*0ne  of  the  unique  properties  of  graphite 
fiber  is  the  ability  to  control  the 
modulus  by  adjusting  the  manufacturing 
process  for  the  fiber. 


=  33  X  10®  PSI 
(228  GPa) 


=  15  X  10® 

(103  GPa) 

-1.0  0  1 .0 
'*’^MAX 

=  19.4  W-hr/lbm 

Fig.  5.  Variable  modulus  graphite  flywheel. 

HELICAL  SHELL  FLYWHEELS 
DESCRIPTION 

Combinations  of  hoop  wrapped  rims  and 
various  forms  of  shells  which  contain  the 
rim  and  connect  it  to  the  hub  have  been 
proposed;  e.g.,  Ref.  8.  Preliminary  inves¬ 
tigation  into  the  state  of  stress  in  one 
such  design  was  conducted  using  a  special¬ 
ized  finite  element  code  providing  for 
laminate  analysis  of  axisymmetric  bodies. 

The  shell  considered  was  formed  from  helical 
windings  in  the  conventional  geodesic  pat¬ 
tern,  but  with  the  build-up  at  the  hub  dis¬ 
tributed  symmetrically  with  respect  to  the 
shell  raid-plane.  Hoop  wound  rims  were 
studied,  both  internal  and  external  to  the 
shell  in  several  thicknesses.  No  optimiza¬ 
tion  of  shell  or  rim  was  attempted.  Figure 
6  illustrates  the  geometry. 

A  series  of  eight  cases  was  examined, 
including  variations  of  material  and  config¬ 
uration  as  noted  below: 

•  Materials : 

Shell:  S-2  Fiberglass  or  ASMS 

Graphite 

Hoops:  ASMS  Graphite 

•  Winding  angle  of  helicals  (Ri/Ro 
ratio)  : 

o^s  =  10. 5%  30.0° 
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•  Number  of  hoops : 

Thickness  of  hoop  layers,  both  on 
the  inside  and  outside,  varied 
from  t|j  =  0  to  1.25  in. 


Fig.  6.  Shell  flywheel  geometry. 
RESULTS 

Table  4  summarizes  the  results  of  the 
finite  element  stress  computations. 

Table  4.  Summary  of  results. 


Energy  Density 

(W-hrs/lbm> 

Case 

Matrix 

Fiber 

Description 

Failure 

1 

SheLl: 

Rim: 

S-2  Fiberglass 
None 

“'s 

= 

10.5° 

1.4 

17.0 

2 

Shell: 

S-2  Fiberglass 

O'. 

= 

10.5° 

14.4 

24.8 

Rim: 

ASMS  Graphite 

< 

t  =  1,25" 

0 

3 

Shell: 

S-2  Fiberglass 

®s 

10.5° 

10.4 

18.1 

Rim: 

ASMS  Graphite 

* 

to  =  *625 

U 

Shell: 

Rim: 

S-2  Fiberglass 
None 

= 

30° 

2.2 

22.6 

5 

Shell: 

S-2  Fiberglass 

"s 

30° 

11.4 

35,3 

Rim: 

ASMS  Graphite 

ti 

to  =  1.25 

6 

Shell; 

S-2  Fiberglass 

0's 

- 

30° 

9.6 

32.2 

Rim: 

ASMS  Graphite 

ti 

to  =  .625 

7 

Shell: 

ASMS  Graphite 

•Q's 

30° 

8.4 

44.0 

Rim: 

ASMS  Graphite 

H 

to  =  1.25 

8 

Shell: 

ASMS  Graphite 

0's 

= 

30° 

22.4 

1  38.9 

Rim: 

ASMS  Graphite 

H 

* 

1.25  to  =  0 

The  need  for  stiffness  in  the  shell  is 
apparent  from  these  results.  The  matrix 
failure  in  case  7  occurred  at  the  rim-shell 
juncture  in  the  outside  hoop  winding,  a  point 
of  known  design  deficiency  correctable  by 
eliminating  hoop  windings  in  that  region. 

These  results  emphasize  the  need  for 
more  detailed  study  of  micromechanics  fail¬ 
ure  control  and  experimental  evaluation  of 
these  failure  effects,  but  also  show  the 
attractive  potential  of  this  simple  design 
concept . 

In  Fig.  6  the  details  of  results  from 
case  No.  8  are  presented.  Note  the  progres¬ 
sion  of  failure  levels  associated  with  matrix 
failure  in  regions  of  low  fiber  stress. 

These  results  are  typical  of  pressure  ves¬ 
sels  also,  and  are  not  catastrophic  in  that 
case.  The  effect  of  this  resin  "crazing"  on 
flywheels  needs  to  be  investigated  if  shell 
concepts  are  to  merit  further  development. 

A  transverse  failure  indication  at 
location  4  would  be  deemed  "serious";  how¬ 
ever,  corrective  design  via  containment  is 
possible,  leading  to  increased  performance 
as  indicated  by  the  next  failure  level. 
Details  of  the  stress  distribution  showed 
changes  in  shell  contour  to  reduce  bending 
at  the  perimeter  and  increase  radial  stiff¬ 
ness  are  needed.  High  stiffness  of  the 
shell  relative  to  the  rim  is  desirable. 
Additional  ballasting  of  the  rim  or  adding 
rim  material  by  contouring  the  inner  surface 
will  increase  energy  density. 

SPOKED  FLYWHEELS 

A  variety  of  rim  and  spoke  concepts 
have  been  proposed  for  composite  flywheels. 
One  concept  in  which  the  spokes  are  attache^d 
to  the  hub  by  pins  is  the  subject  of  this 
section,  and  is  illustrated  in  Fig.  7. 

General  advantages  of  this  concept  include: 

1.  Positive  centering. 

2.  High  radial  natural  frequencies. 

3.  Flexibility  in  number  of  spokes 
to  control  rim  bending, 

4.  Clear  center  for  shaft  or  hub 
adapters . 

5.  No  spoke  buildup  at  the  hub. 

6.  Continuous  circuit  spoke  winding 
program. 
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SHELL  FLYWHEEL  MODEL 
COMPUTER  RUN  DESCRIPTION 


Case  No.  8 


Description: 


=  0.625 

t.  =  0.625 

4 

Mass  -  9o55  Ibm  Moment  of  Inertia  -  513 .1  Ibm-in. 


Failure  Location 


Energy  Density 
(wh/lbm) 


1  Transverse  3,400  10,930  2.86 

2  Shear  4,400  23,643  13.38 

3  Shear  4,400  26,738  17.1 

4  Transverse  3,400  30,602  22.4 

5  Fiber  148,300  40,322  38.9 

Fig.  6.  Shell  flwheel  model  -  case  8. 


Difficulties  common  to  spoked  designs  in¬ 
clude  : 

1.  Low  axial  stiffness. 

2.  Maintaining  concentricities  dur¬ 
ing  sequential  winding  and  curing  steps. 

3.  Stress  concentrations  at  compo¬ 
nent  interfaces . 

Some  compromises  to  cost  and  schedule  in 
this  design;  e.g.,  suboptimum  rim  contour, 
and  hub  configuration  constrained  by  test¬ 
ing  interface  requirements  are  apparent . 


Stress  analyses  were  conducted  in 
three  steps  using  three  finite  element  grid 
models.  The  first  step  consisted  of  an 
axisyirimetric  analysis  of  the  overall  fly¬ 
wheel  configuration.  The  finite  element 
grid  network,  boundary  and  loading  condi¬ 
tions  used  in  this  analysis  are  shown  in 
Fig.  8.  In  order  to  model  the  spokes  in 
this  analysis,  a  special  "zero  hoop  stress" 
element  was  employed.  The  procedure  con¬ 
sists  of  modeling  each  section  of  the  spoke 
from  the  rim  to  the  pin  by  segments  of  ring 
elements  so  formulated  that  axial,  radial 
and  shear  stress  gradients  can  occur  within 
the  element  but  the  circumferential  or  hoop 
stress  is  zero.  From  this  analysis  the 
stress,  strain  and  displacements  in  the  rim 
and  spokes  can  be  determined. 
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Fig.  7.  Pin-wrapped  spoke  flywheel. 


The  second  step  of  the  analysis  con¬ 
sisted  of  a  finite  element  model  to  deter¬ 
mine  the  stress  distribution  in  the  region 
where  the  spoke  is  wrapped  around  the  pin. 

A  plane  stress  representation  was  assumed 
and  the  model,  boundary  and  loading  condi¬ 
tions  are  illustrated  in  Fig.  9,  Displace¬ 
ments  obtained  from  the  axis3nranetric  anal¬ 
ysis  are  applied  to  the  plane  stress  model 
at  a  4-in.  radial  location  on  the  spoken 

The  third  step  of  the  analysis  con¬ 
sisted  of  determining  the  stress  distribu¬ 
tion  in  the  aluminum  pin  and  hub.  The 
finite  element  model  for  the  analysis  is 
shown  in  Fig.  10.  The  loading  condition 
consists  of  a  pressure  distribution  equiv¬ 
alent  to  the  spoke  load  determined  from  the 
results  of  the  previous  analysis  plus  a 
radial  acceleration  load  equivalent  to 
40,000  rpm. 

Results  of  the  analyses  are  summarized 
in  Fig.  11.  The  critical  stress  occurs  in 
the  spoke  where  it  is  wrapped  around  the 
pin.  The  stress  distribution  at  this 


location  is  very  non-uniform  and  is  highly 
dependent  upon  the  spoke  thickness. 

The  stress  distributions  in  the 
graphite  rim  are  illustrated  in  Figs.  12 
and  13.  The  concentrations  of  transverse 
stress  near  the  initial  contact  point  of 
the  spoke  indicate  potential  for  improve¬ 
ment  by  optimizing  bond  location. 

CONCLUSIONS 

DISKS 

1.  Contiguous  hoop  wound  fl5ntfheels 
are  controlled  by  transverse  tensile 
strength;  graphite  provides  superior  per¬ 
formance  (12.5-19.4  wh/lb) . 

2.  Combination  of  optimum  contour 
and  modulus  variation  provides  a  marketable 
graphite  disk  flywheel  provided  system  cost 
is  competitive. 
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,  Graphite  Rim 
(Fixed  Axially) 

^  Kevlar  Spoke 


Aluminum  Hub 

/ 

^^ke  Fixed  to  Pin 

Aluminum  Pin 
Fixed  Axially 


Fixed  Radially 

Fig.  8.  Axisymmetric  model  of  Fig.  9.  Plane  stress  model  Fig.  10.  Plane  stress  model 

flywheel  assembly.  of  spoke  and  pin.  of  aluminum  pin 

and  hub . 


LOCATION 

FLYWHEEL  COMPONENT 

TYPE  OF  STRESS 

MAX.  STRESS  @ 
31,500  RPM(KSI) 

MARGIN 

OF 

SAFETY 

1 

TYPE  AS  GRAPHITE  RIM 

HOOP  OR  LONGITUDINAL  COMPOSITE 

130.0 

Mi 

RADIAL  OR  TRANSVERSE  COMPOSITE 

3.0 

Ml 

2 

KEVLAR-49  SPOKE 

LONGITUDINAL  COMPOSITE 

81.2 

1.46 

3 

KEVLAR-49  SPOKE 

LONGITUDINAL  COMPOSITE 

145.1 

0.38 

4 

ALUMINUM  PIN 

EQUIVALENT 

17.0 

2. 29 

5 

ALUMINUM  HUB 

EQUIVALENT 

19.2 

1. 92 

Fig.  11.  Summary  of  results  of  pin-wrapped  flywheel  structural  analysis  (?  40,000  rpm. 
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Fig.  12.  Hoop  stress  iso-plot  through 
graphite  rim  @  40,000  rpm. 


SHELLS 

1.  Calculated  graphite  shell  per¬ 
formance  was  higher  than  any  composite  rotor 
demonstrated  to  date  on  a  commercial  rating 
basis  (22  wh/lb)  . 

2.  Modest  redesign  should  provide 
40  wh/lb. 

3.  100%  filament  wound  fabrication 
should  provide  manufacturing  advantage. 

4.  Failure  mechanism  needs  "definition, 
SPOKED  RIMS 

1.  Spoked  rims  provide  a  direct 
approach  to  high  energy  density  on  a  weight 
basis,  volumetric  improvement  will  come  with 
optimization. 

2.  Stresses  and  deformations  can  be 
managed  to  provide  a  workable  product. 

3.  Manufacturing  of  several  designs 
has  been  demonstrated. 


Fig.  13.  Radial  stress-iso-plot  through 
graphite  rim  @  40,000  rpm. 

In  all  studies,  results  emphasized  the 
necessity  to  consider  the  micromechanics 
(transverse  stresses)  for  all  composite  fly¬ 
wheel  designs,  and  the  urgent  need  for  more 
material  data  in  the  transverse  direction 
under  sustained  loads,  cyclic  loads,  and 
elevated  temperatures  .j 
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ABSTRACT 

Designs  of  f lyvheels  which  vary  their  inertia  in  an  effort  to  reduce  the  transmission 
requirements  of  fl37wheel  energy  storage  are  presented.  The  physical  laws  which  govern 
these  Variable  Inertia  Flywheels  (VIFs)  regardless  of  configuration  are  explained  and  the 
implications  of  these  laws  stated  with  conclusions  and  recommendations  for  future  work. 


INTRODUCTION 

Due  to  its  very  simplicity,  the  concept 
of  storing  energy  in  the  rotating  mass  of 
a  flywheel  seems  very  attractive.  A  closer 
look,  however,  reveals  subleties  which 
significantly  complicate  the  implementation 
of  an  operational  system.  Primary  among 
these  complicating  factors  is  the  difficulty 
of  transferring  the  energy  to  and  from  the 
energy  storage  fl3rwheel. 

The  governing  energy  storage  relation 
for  a  flywheel  is;  energy  stored  =%* (moment 
of  inertia)* (rotational  rates  squared) , 

This  states  that  in  order  to  retrieve 
stored  energy  from  a  flywheel  the  rotation¬ 
al  rate  must  decrease.  This  decrease  in 
rotational  rate  is  not  desirable  as  systems 
Being  powered  by  fl3rwheels  require  a 
rotational  Kate  which  is  constant  or  even 
increasing.  This  mismatch  in  rotational 
rate  is  usually  handled  with  the  use  of  a 
variable  ratio  transmission  such  as  a 
traction  drive,  a  hydraulic  pump  and  motor, 
or  an  electric  generator  and  motor.  Each 
of  these  systems  have  drawbacks  either  in 
terms  of  cost,  reliability  or,  most 
importantly,  efficiency.  Specifically,  the 
electric  and  hydraulic  systems  (the  most 
technically  developed  systems)  are 
.inefficient  and  costly  enough  to  possibly 
hamper  the  practical  development  of 
commercial  systems. 

If  the  equation  for  stored  energy  is 
reconsidered  another  approach  to  the 
problem  becomes  evident.  It  may  be 
possible  to  alter  the  moment  of  inertia 
of  the  flywheel  to  gain  added  control  of 


the  release  of  stored  energy. 

The  resulting  mechanism  is  called  a 
Variable  Inertia  Flywheel  (VIF) .  This 
mechanism  combines  the  duties  of  energy 
storage  and  load  matching  on  one  package. 

In  a  program  begun  at  the  Ohio  State 
University  and  continuing  at  Union  College^ 
the  potential  of  the  VIF  is  being  studied. 
Previous  work  in  the  area  and  potential 
designs  have  been  identified.  The  basic 
governing  equations  of  motion  have  been 
developed  and  verified  with  a  fully 
controllable  proof-of-concept  experiment¬ 
al  model . ^ 

In  this  paper  the  basic  variable 
inertia  fl3rwheel  configurations  are 
itemized  and  comments  on  their  potential 
offered.  The  laws  of  physics  which 
describe  the  operation  of  VIFs  regardless 
of  configuration,  are  developed  and 
discussed.  This  particular  ordering  is 
taken  as  it  is  easier  to  understand  the 
physics  with  some  configurations  in  mind. 
As  the  paper  progresses  various 
conclusions  will  be  stated.  These  results 
arid  recommendations  will  be  summarized 
at  the  end  of  the  paper. 

POTENTIAL  VIF  DESIGNS 

The  design  of  fixed  inertia  flywheels 
with  a  reasonable  energy  density  is  still 
the  subject  of  much  research.  The  design 
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of  variable  inertia  flywheels  will,  by 
necessity,  be  more  complex  than  that  of  a 
fixed  inertia  design.  To  enable  the  fly¬ 
wheel  to  vary  inertia  about  its  spin  axis, 
the  goemetry  about  that  axis  must  be 
variable.  This  means  moving  parts  on  a 
high  speed  rotating  body  which  is 
definitely  a  complicating  factor.  This 
will  probably  result  in  a  VIF  with  lower 
energy  storage  capability  than  a 
comparable  fixed  inertia  flywheel. 

However,  the  VIF  with  its  combination  of 
storage  and  transmission  may  be  able  to 
meet  the  requirements  of  a  specific 
application  better  than  a  fixed  inertia 
flywheel  coupled  to  a  separate 
transmission  system.  It  is  still  too 
early  to  tell  if  competitive  VIF  systems 
are  developable  but,  as  will  be  shown 
there  are  many  potential  VIF  configurations 
and  one  in  particular  which  appears  to  have 
great  potential. 

In  compiling  a  list  of  VIF 
configurations  many  were  found  in  the  U.S. 
patent  literature,  one  in  the  USSR 

patent^  and  periodical^  literature,  and 
others  conceived  by  the  authors.  Basically 
the  designs  presented  fall  into  two  groups, 
fluid  filled  VIFs  and  mechanical  geometry 
changing  VIFs. 

FLUID  FILLED  VIFs 

Whenever  the  subject  of  varying  the 
inertia  of  a  rotating  body  is  broached 
one  idea  always  suggested  is  a  fluid 
filled  cylinder  with  the  capability  to 
pump  the  fluid  in  and  out  to  alter  the 
moment  of  inertia.  References  2,  3,  and 
4  are  all  patents  on  variations  of  this 
concept.  However,  there  are  two  major 
drawbacks  to  fluid  filled  VIFs.  Any 
swirling  of  the  fluid  which  will  occur 
during  radial  rate  variation  results  in  an 
energy  loss.  The  second  drawback  is  left 
until  the  discussion  of  the  equations  of 
motion  where  it  will  be  concluded  that 
the  fluid  filled  VIF  will  be  no  more 
efficient  than  a  fixed  inertia  flywheel 
with  a  hydrostatic  transmission. 

MECHANICAL  GEOMETRY  CHANGING  VIFs 

Possibly  the  oldest  VIF  design  is  the 
James  Watt  type  flyball  governor.  This 
apparatus.  Figure  1,  was  originally 
designed  as  a  constant  speed  control 
device  where  a  variation  from  the  desired 
speed  caused  an  imbalance  between  a  spring 
or  counter-poise  weight  force  and  the 
centrifugal  force  on  the  flyweights. 


This  imbalance  was  cancelled  by  a  shift 
in  the  flyweights  to  a  new  equilibrium 
position  thus  actuating  a  control  linkage 
correcting  the  throttle  position  of  the 
governed  prime  mover.  With  a  VIF  the 
force  of  the  spring  or  counter-poise 
weight  would  be  replaced  by  an  actuation 
force  such  that  its  variation  resulted  in 
an  inertia  change  and  a  change  in  energy 
and/or  rotational  rate  state.  Obviously 
since  swept  area  is  small  the  energy 
density  is  low,  however  this  configuration 
is  relatively  simple  to  build  and  actuate 
and  thus  was  used  as  the  basis  for  the 
two  experimental  apparatus  built  to  date. ^ 


FIGURE  1 
THE  FLYBALL  VIF 

Four  other  mechanical  geometry  change 
VIFs  are  shown  in  Fig.  2. 

Figure  2a  shows  a  Bar  Type  Variable 
Inertia  Flywheel  design.  This  flywheel 
has  as  its  inertia  members  bars  pivoted 
on  an  axis  normal  to  the  axis  of  shaft 
rotation.  These  bars  may  be  simple 
circular  in  cross  section  or  of  constant 
stress  shape  with  tapering  ends.  The 
moment  of  inertia  of  the  system  is 
changed  by  pivoting  the  bars  in  a 
S3mietric  manner  to  assure  dynamic  balance. 
Although  the  energy  density  for  this  type 
of  configuration  is  not  high,  large 
variations  in  moment  of  inertia  can  be 
obtained. 

Another  potential  type  of  variable 
inertia  flywheel  is  shown  in  Figure  2b. 
This  is  called  the  Disk  Type  Variable 
Inertial  Flywheel  and  is  composed  of  a 
series  of  disks  which  pivot  in  a  manner 
similar  to  that  of  the  rods  above.  The 
disk  design  is  capable  of  higher  energy 
density  than  the  rod  design  but  does  not 
afford  as  great  a  variation  of  moment  of 
inertia.  Not  shown  in  the  Figure  multiple 
disks  can  be  pivoted  in  such  a  way  as  to 
insure  dynamic  balance  for  the  entire 
system. 
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'BAR  TYPE  VIF  DISK  TYPE  VIF 


ISOTENSOID  TYPE  VIF 


FIGURE  2 
nECHANICAL  GEOMETRY 
CHANGE  VI Fs 


In  Figure  2c  a  flywheel  is  presented 
which  is  composed  of  elements  attached  to 
the  shaft  at  their  end  points.  The  shape 
of  the  elements  and  their  mass  properties 
(cross  section  and  material  mass 
distribution)  are  designed  to  maximize  the 
energy  density  and  yet  retain  constant 
stress  throughout  the  elements.  The 
inertia  of  the  flywheel  is  changed  by 
moving  the  end  points  on  the  shaft.  As 
can  be  seen,  great  variations  in. moment 
of  inertia  are  available  with  this  design 
making  it  suitable  for  application  in  a 
variable  Inertia  flywheel  system.  There 
has  been  some  work  on  fixed  inertia  fly¬ 
wheels  of  this  type  where  the  elements 
were  filaments  of  constant  size  and 
designed  for  equal  tension.  This  has  been 
called  an  isotensoid  design®.  Thus,  the 
Variable  Inertia  Flywheel  design  of 
similar  properties  will  be  hereafter 
referred  to  as  the  Isotensoid  Type 
Variable  Flywheel. 

Lastly  in  figure  2d  is  a  variable 
brush  type  Super  Flywheel.  In  this 
design  the  radial  filaments  are  drawn  into 
the  shaft  to  alter  the  moment  of  inertia. 
This  design  is  effectively  a  two 
dimensional  isotensoid  design. 


Probably  the  most  interesting  concept 
in  the  area  of  variable  inertia  flywheels 
has  been  subject  of  at  least  one  United 
States  patent,®  two  Soviet  patents  and  at 
least  two  Soviet  publications  or  articles®!^ 
This  is  the  coiled  band  flywheel  which  is 
shown  in  Figure  3.  This  flywheel  is 
composed  of  a  hollow  outer  casing  and  a 
separate  central  hub.  Connecting  these  is 
a  band  of  some  flexible  material  mounted 
as  the  mainspring  in  a  watch.  Centrifugal 
force  pushes  the  band  to  the  outer  edge  of 
the  hollow  casing.  As  the  inner  hub  is 
rotated  relative  to  the  outer  casing,  the 
band  is  wound  on  the  hub  lowering  the 
moment  of  inertia  of  the  system.  What  is 
occurring  is  a  balance  between  the 
centrifugal  force  on  the  band,  the  angular 
rate  difference  between  the  components  and 
the  torque  flow  through  the  mechanism 
supplemented  by  the  torque  given  up 
(retained)  by  the  change  in  angular 
momentum  of  the  band. 


The  majority  of  the  work  on  this  type 
of  flywheel  has  been  done  by  N.V.  Gulia  of 
the  Academy  of  Sciences  of  the  Georgian 
Soviet  Socialist  Republic.  In  his  work 
the  flywheel  is  used  as  a  passive  device. 
Typically,  the  operation  is  as  follows, 
the  band  begins  in  the  stable  position 
pressed  against  the  outer  casing.  The  hub 
is  clutched  to  a  shaft  from  which  energy  is 
to  be  absorbed  (e.g.  a  car  axle)  and  the 
band  begins  to  wind  onto  the  hub.  The 
inertia  of  the  band  on  the  hub  increases 
but,  more  importantly  to  Gulia,  the 
centrifugal  force  on  the  band  acts  as  a 
torque  countering  the  rotation.  Both  of 
these  effects  tend  to  absorb  energy  from 
the  shaft  but,  for  Gulias  passive  device 
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the  torque  effect  is  dominant.  As  the 
shaft  is  slowed  the  rotational  rate  of  the 
outer  casing,  accelerated  by  the  reaction 
torque  becomes  greater  than  that  of  the 
shaft  and  the  band  starts  reaccumulating 
in  the  outer  casing.  However,  even  as  it 
is  unwinding  from  the  hub,  the  centrifugal 
force  on  the  band  is  still  supplying  a 
decelerating  torque  to  the  shaft.  This  is 
a  very  interesting  concept  which  is  not 
actively  being  pursued  in  the  free  world. 
Actually  there  is  a  U.S.  patent  for  the 
same  mechanism  awarded  to  0.  Durouchoux 
of  France  in  1965.  In  this  patent  the 
basic  band  type  flywheel  is  presented  with 
many  modifications.  Each  configuration 
still  constitutes  a  passive  device  with 
the  inertia  change  determined  by  the 
dynamics  of  the  loading  on  the  hub  and  the 
outer  casing.  In  some  configurations  the 
casing  and  hub  are  geared  together  altering 
the  characteristics  of  the  flywheel,  but 
nowhere  in  the  literature  is  any  form  of 
active  feedback  control  presented.  No 
dynamic  analysis  of  such  a  mechanism  has 
been  found  in  the  open  literature.  The 
dynamic  balance  of  torques,  forces,  and 
momentum  is  surely  complex  and  understand¬ 
ing  of  the  dynamics  is  required  to  fully 
understand  the  potential  of  the  device. 

It  is  also  interesting  to  note  that 
this  concept  is  in  complete  concert  with 
the  anisotropic  rim  Super  Flywheel.  The 
band  is  loaded  uniaxial ly  and  in  the  high 
energy  configuration  (the  band  centrifug- 
ally  pressed  in  the  casing)  the  band 
resembles  the  rim  rotor.  Also,  as 
Durouchoux  points  out,  the  band  may  be 
designed  with  a  high  surface  friction 
coefficient  such  that  in  the  high  energy 
configuration  a  majority  of  the  hoop 
stress  is  carried  by  the  band  and,  the 
casing  need  not  be  as  substantial  as 
might  originally  be  thought. 

THE  PHYSICS  OF  THE  VIF 

Without  regard  to  the  exact 
configuration  a  set  of  general  equations 
for  the  VIF  can  be  derived.  The  original 
derivations^  were  made  considering  a  point 
mass  a  distance  from  the  spin  axis.  Here 
the  results  are  presented  in  terms  of  the 
moment  of  inertia  for  ease  of  understand¬ 
ing.  For  a  complete  derivation  of  the 
equations  see  Reference  1. 


conservation  of  momentum  form  is  more 
applicable,  namely 


=  dt  )  = 


1^(1)^  +  1^03^ 


(1) 


In  this  form  a  negative  torque  (energy 
out  of  the  flywheel)  can  be  developed  even 
with  an  angular  acceleration  ((I)^>0)  simply 
by  forcing  a  decrease^ in  moment  of  inertia 
at  a  rate  such  that  1 1  |  >I^d)^ .  This  is 

like  the  ice  skater  spinning  on  her  toes 
losing  energy  to  friction  yet  increasing 
her  angular  rate  dramatically  by  bringing 
her  arms  to  her  sides. 


There  are  two  ways  of  modeling  the 
VIF  as  a  part  of  a  system.  First  the  VIF 
can  be  considered  as  an  open  loop  device 
where  the  power  for  Inertia  variation,  P^, 
enters  from  some  external  source.  Fig.  4a. 
Secondly,  the  VIF  can  be  modeled  as  a  power 
recirculation  device  where  some  of  the 
power  flowing  from  the  VIF,  P^,  is 
recirculated  to  change  the  inertia,  P^,  and 
the  remainder  is  output  to  the  load  P^. 


FIGURE  4a 

OPEN  LOOP  VIF  POWER  FLOW 


'•r- 

VIF 

r  _ _ 

FIGURE  4b 

RECIRCULATING  VIF  POWER  FLOW 

The  concept  of  recirculating  power  is,  by 
far  the  most  appealing  as  then  the  VIF  is 
truly  a  system  with  the  only  power  flow  in 
or  out  going  to  the  load.  As  this  case  is 
readily  reduceable  to  the  open  loop  case 
the  equations  for  power  recirculating  VIF 
will  be  presented. 


Although  the  torque-angular 
acceleration  characteristics  of  a  flywheel 
are  usually  written,  in  the  common  form  of 
Newtons  Law,  T  =  Id).  For  a  VIF  the 


Using  conservation  of  angular  momentum 
and  energy  laws  the  powers  and  associated 
torques  are; 
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The  only  assumption  made  in  the 
derivation  of  these  equations  is  that  the 
acceleration  associated  with  inertia 
change  is  small  compared  to  the  coriolis, 
centrifugal,  and  angular  accelerations. 
This  assumption  is  not  at  all  restrictive 
as  to  violate  it  to  any  significant  degree 
requires  the  energy  content  of  VIF  to 
change  by  a  factor  of  2  in  less  than  .001 
sec^  which  is  not  operationally  reasonable 
This  assumption  is  also  equivalent  to 
saying  that  the  Kinetic  Energy  stored  in 
the  motion  of  inertia  change  is  small 
compared  to  that  stored  in  the  rotating 
mass.  The  result  of  this  can  be  seen  by 
indefinitely  integrating  eq.  (6)  to  find 
the  energy  content  of  the  VIF, 


VIF  ^  f  f 


Here  there  is  no  term  for  the  kinetic 
energy  of  inertia  change  as  it  has  been 
assumed  small. 


The  energy  states  of  a  VIF  can  be 
plotted  as  isoenergy  lines  on  a  plot  of  I 
versus  O)^  as  shown  in  Figure  5.  In  this^ 
figure  the  VIF  is  at  a  constant  energy 
state  at  any  point  on  an  isoenergy  line 
and  a  change  in  energy  level  to  a  new 
energy  state  can  be  obtained  through  an 
infinite  combination  of  Inertia  and 
angular  rate  change  determined  by  the 
angular  rate  and  Power  demand  of  the  load. 
The  trajectory  of  a  constant  inertia  fly¬ 
wheel  is  shown  on  the  figure  and  as  can  be 
seen  an  angular  rate  decrease  is 
associated  with  an  energy  decrease. 


ANGULAR  RATE  SQUARED 

FIGURE  5 

ISOENERGY  LINES  AND  STATE 

TRAJECTORIES  FOR  VARIOUS  LOADINGS 

THE  VIF  POWERING  A  CONSTANT  ANGULAR  RATE 
LOAD 

One  of  the  most  Interesting  applica¬ 
tions  of  the  VIF  is  for  a  constant 
angular  rate  loading.  This  loading  is 
essentially  that  of  a  vehicle  cruising, 
an  electric  AC  generator  with  a  constant 
load  or  other  constant  friction  loading. 
For  this  case  Eq.  (2),  (4)  and  (6)  reduce 
to 

\  =  *^^“1  (9) 

Thus  one  half  the  power  released  by 
the  fl3rKrheel  must  be  recirculated  to 
change  the  inertia.  This  is  an  extremely 
important  conclusion  and  is  totally 
independent  of  the  physical  design  of  the 
VIF.  Further,  from  the  torque  relations, 
Tl  “  the  rate  of  inertia  variation 

is  uniquely  prescribed  as  a  function  of 

the  load  torque  and  angular  rate  (o),  =03 

L  F 

if  =  2^0)^  (10) 

The  trajetory  of  the  state  of  the  VIF 
is  shown  on  Fig.  5  where  the  rate  of 
energy  change  is  directly  dependent  on 
the  values  of  T  and  03  relative  to  the 
energy  stored  in  the  ViF, 


Other  energy  change  trajectories  on 
Fig.  5  and  the  implications  of  the  VIF 
describing  equations  can  most  easily  be 
seen  by  considering  some  examples. 


In  light  of  this  conclusion  above  the 
fluid  filled  VIFs  must,  for  inertia 
variations,  convert  from  mechanical  power 
to  fluid  power  the  same  amount  of  power  as 
is  supplied  to  the  load.  In  this  case 
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the  inefficiency  incurred  is  the  same  as 
if  the  pump  were  in  the  ouput  link  of 
fixed  inertia  flywheel.  This  along  with 
the  swirling  loses  mentioned  previously 
makes  the  fluid  filled  VIF  appear  no  more 
efficient  than  the  system  it  is  trying  to 
replace. 

THE  VIF  POWERING  AN  INERTIAL  LOAD 

If  the  loading  is  essentially 
inertial  such  as  a  vehicle  accelerating 
at  low  speed,  there  is  prescribed  inertia 
variation  required  for  the  VIF  which  is 
different  than  that  for  constant  angular 
rate.  Consider  a  VIF  powering  a  purely 
inertial  load,  1^  through  a  transmission 
of  ratio  R.  At  some  time  zero  the  inertia 
of  flywheel  and  its  angular  rate  are 
assumed  as  I^  and  then  the  required 
inertia  of  the  VIF  is  given  by 

I.  =  +  r^i  )  -  I  ]  (11) 

r  00^  fo  L  L 

Thus  the  moment  of  inertia  is  a  direct 
function  of  the  angular  rate  of  the  load. 
Thus  if  the  angular  rate  history  or 
acceleration  history  desired  for  a  given 
inertial  load  was  specified  the  flywheel 
inertia  is  uniquely  specified.  For 
example,  let  I^^  =  then  the  trajec¬ 

tory  is  as  shown  in  Fig.  5. 

The  amount  of  power  required  for 
inertia  change  in  this  case  is  not  as 
simple  as  for  constant  angular  rate.  It 
is  in  fact  dependent  on  the  rate  of 
acceleration  desired  for  the  load  inertia. 
Although  no  direct  relation  between  the 
power  to  the  load  and  that  causing 
inertia  change  is  possible  it  can  be  seen 
from  Eq.  (6)  that  unless  is  excessive 
and  P^  will  be  of  the  same  order  of 
magnitude. 

LIMITATIONS -OF  THE  VIF 

As  can  be  seen  in  the  previous  two 
examples  the  dependence  of  the  inertia 
level  and  rate  of  change  varies  with  the 
characteristics  of  load.  Thus  it  would 
be  most  desireable  to  have  the 
recirculating  power  flow  to  the  inertia 
change,  P  ,  be  completely  controllable 
to  allow  for  differing  inertia  change 
requirements.  Unfortunately,  complete 
controllability  of  the  recirculating 
power,  P^,  can  only  be  had  with  a  variable 
ratio  transmission  such  as  that  which  the 
VIF  is  proposed  to  eliminate.  Also,  it 
was  shovm  that  with  constant  rotational 


rate  loading,  the  amount  of  power  to  be 
recirculated  through  the  variable  ratio 
transmission  would  be  the  same  as  that 
ouput.  Thus  it  appears  that  the  VIF  in 
this  configuration  could  have  no  better 
efficiency  than  a  fixed  inertia  fl3rwheel 
with  the  variable  ratio  transmission  on 
the  output  shaft. 

However,  complete  control  of  the 
recirculating  power  is  not  required  for 
most  tasks  as  the  nature  of  the  loading 
is  usually  reasonably  well  known  and 
slight  deviations  from  the  desired  are 
usually  tolerated,  thus  it  is  possible  to 
create  a  fixed  power  recirculation  path 
to  meet  the  requirements  of  a  specific 
load.  By  using  the  term,  "fixed  power 
recirculation",  it  is  implied  that  the 
mechanism  carrying  power  P^  to  create  the 
inertia  change  is  of  fixed  geometry^  or  at 
a  maximum^  a  countably  few  variations  of 
geometry.  The  result  of  this  VIF  with  a 
fixed  path,  is  a  flywheel  with  fixed 
properties  which  differ  from  those  of  a 
standard  fixed  inertia  flywheel.  Another 
way  of  stating  this  is  that  now  I^='I^(a)^) 
so  that  the  torque  in  eq.  (1)  is  now 
totally  a  function  of  angular  rate  but  a 
vastly  different  function  than  that  of  a 
standard  fixed  inertia  flywheel.  A  simpl¬ 
istic  example  of  such  a  VIF  with  fixed 
ratio  power  recirculation  is  shown  in 
figure  6.  This  is  a  band  type  VIF  with 
the  inner  and  outer  casings  connected 
through  an  epicyclic  gear  set.  In  this 
example  the  exact  paths  of  P^  and  are 
not  distinct  but  the  power  recirculation 
loop  is  defined  by  the  epicyclic  gear 
ratio  and  the  band/casing  geometry. 
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FIGURE  '6 

FIXED  RATIO  POWER  RECIRCULATION  VIF 
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CONCLUSIONS  AND  RECOMMENDATIONS 


REFERENCES 


The  primary  conclusions  to  be  drawn 
from  this  paper  are  as  follows: 

1.  There  are  many  potential  VIF 
designs  which  may  be  suitable  for  differ- 
ing  tasks.  Virtually  no  studies  have  been 
done  on  any  of  the  designs  presented  to 
aid  in  determining  their  potential.  Some 
seemingly  inefficient  designs  may  have 
potential  in  specific  applications. 

2.  The  band  type  VIF  appears  to 
have  great  potential  as  an  energy 
intensive  VIF.  Work  is  presently  under 
way  to  fully  describe  the  dynamics  of  this 
configuration, 

3.  Based  on  the  findings  of  this 
paper,  fluid  filled  VIFs  appear  to  have 
little  useful  potential. 

4.  The  power  required  for  inertia 
change  is  equal  to  the  output  power  for  a 
constant  rotational  rate  VIF.  For  other 
loadings  the  power  required  for  inertia 
change  is  the  same  order  of  magnitude  as 
the  output  power. 

5.  A  fully  controllable  VIF,  full 
control  over  the  moment  of  inertia 
irrespective  of  the  VIF  state,  is  not 
practical  as  the  efficiency  obtained  can 
be  no  better  than  a  fixed  inertia  flywheel 
with  an  infinitely  variable  ratio 
transmission. 

6.  A  VIF  with  a  fixed  power 
recirculation  results  in  a  flywheel  with 
a  unique  torque/angular  rate  character¬ 
istics.  Whereas  a  fixed  inertia  flywheel 
is  restricted  to  T^  =  lo)^  a  VIF  can 
theoretically  be  formed  such  that  the 
torque  is  related  to  any  function  of 
angular  rate.  Limitations  on  this  concept 
are  being  studied  in  conjunction  with  the 
analysis  of  the  band  type  VIF  described 

in  item  2  above.  Specifically  the 
configuration  in  Fig.  (6)  is  being  pursued 
as  a  first  step. 

7.  Based  on  the  analysis  to  date 
the  VIF  concept  is  not  the  answer  to  all 
our  prayers.  It  is  however,  a  concept 
which  may  have  a  competitive  potential  in 
some  applications.  It  does,  at  a  minimum, 
deserve  continued  study  to  more  fully 
establish  its  potential. 
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ABSTRACT 

This  paper  treats  with  the  problem  of  design  synthesis  in  heterogeneous  elasticity, 
particularly  as  applied  to  flywheel  design.  Design  synthesis  is  defined  as  the  achieve¬ 
ment  of  a  desired  design  criterion,  in  this  case,  constant  circumferential  stress,  in  a 
flywheel  by  preselecting  a  stress  pattern  in  the  loaded  flywheel  and  then  determining 
the  variation  of  the  elastic  moduli  that  is  required  to  permit  the  desired  effects. 

This  accomplishment  requires  the  solution  of  the  governing  equations  of  elasticity, 
particularly  the  compatibility  equation,  in  terms  of  preselected  and  hence  known  stress 
fields  in  the  body  of  the  flywheel  for  the  unknown  material  properties  which  are  spatial 
functions. 


INTRODUCTION 

Using  presently  available  design 
methodology,  fl3^heels  are  constructed  of 
any  number  of  different  materials  and  in  a 
great  variety  of  shapes.  It  is  quite 
apparent  that  once  the  material,  geometry 
and  operating  conditions  for  a  flywheel  are 
specified,  then  the  stress  condition  in 
that  flywheel  is  predetermined.  All  the 
analyst  does  is  find  the  predetermined 
stress  field  and  decide  if  the  stresses  are 
acceptable.  If  it  is  found  that  the 
stresses  are  unacceptable,  then  a  change 
in  either  the  material,  geometry  and/or 
the  operating  conditions  is  needed,  fol¬ 
lowed  by  reanalysis  and  so  on  to  the  next 
iteration.  When  one  considers  that  for 
many  applications,  and  in  particular,  fly¬ 
wheel  design,  the  optimum  geometry  and 
stress  fields  are  known  in  general,  it 
becomes  clear  that  the  standard  design 
methods  are  really  not  a  satisfactory 
way  of  doing  things. 

Composites,  whether  filamentary, 
fibrous,  or  sintered  or  fused  metallics, 
are  capable  of  being  tailored  to  meet 
specific  requirements.  When  considering 
specific  structural  applications  for  such 
materials,  it  would  be  logical  to  assume 
that  a  structure  (such  as  a  flywheel)  could 
be  optimized  by  varying  the  mechanical 
properties  of  the  material  throughout  the 
structure.  Furthermore,  it  would  be  logi¬ 
cal  to  bypass  analysis  completely  and 
define  this  now  homogeneous  structure  by 
means  of  design  synthesis.  This  paper 
deals  with  the  mathematical  development 


of  the  concept  of  design  synthesis  as 
applied  to  flywheel  design.  In  essence, 
it  deals  with  the  solution  of  the  plane 
elasticity  compatibility  equations  in 
terms  of  known  stresses  and  unknown , 
spatial  dependent,  material  properties. 

An  in-depth,  mathematical  treatment  of  this 
subject  is  shown  in  the  appendix, 

ROTATING  ANNULAR  DISK 

Consider  the  rotating,  uniform  thick¬ 
ness  annular  disk  as  shoxm  in  Fig-  1.  The 
equilibrium  equation  governing  this  case 
is : 


d  ,  .  .  Y  2  2  ^ 

^  (rCTj,)  -  ag  +  J  u)  r  =  0  .  (1) 

The  compatibility  equation  reduces  to; 

h  °  •  (2) 

and  the  stress-strain  relation  for  an 
orthotropic  medium  is : 

(3) 

^0  "  +  ^22'^0 
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where  ^22  functions  of  r. 

Assuming  a  stress  function  such  that 


.  V  22 
Y  +  —  CO  r 


It  is  possible  that  the  material  density, 
Y,  could  be  a  function  of  the  radius.  At 
this  stage,  such  a  condition  introduces 
an  unnecessary  complication  and  will  not 
be  considered.  This  being  the  case,  the 
governing  compatibility  equation  becomes: 

+'ir’(a’22  +  r  ^22>  m 


V  2  2 
-f  ~  to  r 
g 


Assume  that  there  exists  a  simple  ratio 
relationship  between  the  various  ortho¬ 
tropic  moduli  and  their  first  deriva¬ 
tives,  as  follows: 


^22  ^22’  ^  22 


^11  “  V22’  ^'11  V22 


Yv^  /  k 


3g  \k 


pk’ 


Yv 

^0  3F 


where  p  =  r/b 
k  =  b/a 

V  =  u)b  =  tip  velocity 

0)  -  rotational  velocity,  radians 

g  =  acceleration  of  gravity. 

Here  we  note  that  in  the  limits,  when 
k  1 

^  (9) 

0  g 

which  is  the  stress  in  a  rotating  thin 
ring,  and  when  k  (i.e.,  when  a  very 

small) 

which  is  smaller  than  exists  for  the  iso¬ 
tropic,  homogeneous  case  by  the  ratio 


^^2^22’  ^'12 


^2^' 12 


where  the  prime  mark  indicates  differen¬ 
tiation  with  respect  to  r.  Eq.  (5) 
becomes : 


d-a^o  Y*  *  + 


^lY  Y  2 
.^.,1  ^ 

r  ^ 


If  we  now  choose  that  the  hoop  stress, 
0  ,  be  constant  and  that  the  boundary 
conditions  on  the  disk  are  that  the 
radial  stresses  on  the  inner  and  outer 
peripheries  are  zero,  i.e.,  o  (a)  = 

0  (b)  =  6,  the  stress  function  and 
aSsociated  stresses  become: 


0  max 
o 


4 

3  (3+v) 


where  =  hoop  stress  for  heterogeneous 

0 1 

1  case 

Oq  =  hoop  stress  for  isotropic, 

^o  homogeneous  case 

V  =  Poisson’s  ratio  for  isotropic, 
homogeneous  case . 

Substituting  Eq.  (8)  into  Eq.  (7)  and 
carrying  out  the  required  differentiation 
yields 

TAr^  +  Br  +  D  1 

®  22  ■  t~4 - 2 - ^22  "  °  (12) 

'-Fr  +  Gr  +  Hr 
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where  A  =  (k^  -  Sk^) 
« =  -  "i) 


For  the  purposes  of  this  paper,  only 
the  results  of  problem  number  6,  arising 
from  Eq.  (12)  will  be  shown  in  Fig,  2  and 

3. 


D  -  k^(ab)(b+a) 

F  =  k 

G  =  -d+k  ) 

z  b-a 


H  -  k^Cab) (b+a). 

A  digital  computer  program.  Determination 
Of  Modulus  V^ariation  _1  (DOMOVl)  ,  was 
structured  for  the  solution  of  these  sets 
of  equations.  A  finite  difference  method 
of  solution  as  developed  by  Mans on ^  was 
used  for  the  calculation  algorithm.  This 
program  was  used  to  solve  several  prob¬ 
lems,  as  follows: 

1.  The  modulus  variation  for  an  ortho¬ 
tropic  disk  with  a  pressurized  ID 

for  Oq  =  constant  (disk  not  rotating) . 

2.  The  modulus  variation  for  an  isotro¬ 
pic  disk  with  pressurized  ID  for 

Cq  =  constant  (disk  not  rotating). 

3.  The  modulus  variation  for  an  iso¬ 
tropic  disk  with  pressurized  OD  for 
Cq  =  constant  (disk  not  rotating) . 

4.  The  modulus  variation  for  a  rotating 
orthotropic  disk  with  no  edge  loads 
for  Og  =  constant. 

5.  The  modulus  variation  for  a  rotating 
orthotropic  disk  (Poisson’s  ratio 
variable)  with  no  edge  loads  for 

Cg  =  constant. 

6.  The  modulus  variation  for  a  rotating 
orthotropic  disk  with  no  edge  load 
for  constant  in-plane  shear  stress. 

7.  The  modulus  variation  for  a  rotating 
orthortopic  disk  (Poisson’s  ratio 
variable)  with  no  edge  loads  for 
constant  in-plane  shear  stress. 

8.  The  modulus  variation  for  a  rotating 
ortho tropic  disk  with  60.0  in.  OD, 

6.0  in.  ID,  turning  at  2000  RPM, 
stressed  on  the  OD  with  a  uniform 
edge  load  of  10,000  psi  for  Og  = 
constant. 

9.  The  modulus  variation  for  a  rotating 
orthotropic  disk  with  60.0  in.  OD, 

6.0  in.  ID,  turning  at  4000  RPM, 
stressed  on  the  OD  with  a  uniform 
edge  load  of  12,000  psi  for  Og  = 
constant. 


These  figures  have  been  nondimension- 
alized  by  the  expediency  of  plotting 
E/Emax  where: 

E  =  Eg ,  the  modulus  of  elasticity  in 
the  6  direction. 

£ 

max  =  the  maximum  E  calculated  in  the 
body  of  the  disk. 

R  =  the  radius  of  the  point  in  the  disk 
at  which  the  modulus  is  being 
.  calculated. 

B  =  the  outer  radius  of  the  disk. 

K-  =  orthotropic  ratio  (  E— 

1  I 

Figure  2  clearly  defines  the  varia¬ 
tion  of  the  moduli  in  the  flat  disk  fly¬ 
wheel  as  a  function  of  the  radius.  Note 
that  the  variation  is  independent  of  the 
angular  velocity  of  the  flywheel  and  is 
fully  determined  by  the  requirement  that 
Oq  be  constant  throughout  the  disk.  For 
example,  compare  two  annular  flywheels, 
both  turning  at  an  angular  velocity  of 
4000  RPM.  Each  disk  has  an  outer  diameter 
of  60.0  in.  and  an  inner  diameter  of  6.0 
in.  Each  disk  is  made  of  a  material  with 
a  uniform  density  of  0.1  lb/in.3.  One 
disk’s  material  is  isotropic  and  the  other 
has  its  material  properties  varied  as 
shown  by  the  curve  in  Fig.  '2  with  an 
orthotropic  ratio  of  2.5  and  a  Poisson’s 
ratio  of  0.5.  The  maximum  hoop,  stress 
for  the  isotropic  flywheel  occurs  only 
at  the  inner  radius  and  equals: 


3+v  Y  .2  2 
— b  0) 

4  2 


.  1-v  a 

^2 

b 


=  35,800  psi. 

The  hoop  stress  for  the  heterogeneous 
flywheel,  which  is  uniform  throughout  the 
disk  is: 


k^  -  1 


Y  ,2  2/k  ^ 

-  3i  ”  " 

=  15,121  psi. 


Thus,  by  use  of  design  synthesis,  the  max¬ 
imum  stress  in  such  a  disk  or  flywheel 
can  be  reduced  by  a  factor  of  2.36  as 
compared  to  an  isotropic  disk  of  similar 
density.  Further,  Fig.  3  shows  that  this 
reduction  can  be  achieved  with  a  modulus 


r 


variation  through  the  disk  of  approx 
imately  1.8  from  low  to  high  value. 


APPENDIX 

TWO-DIMENSIONAL  MATHEMATICAL  FOUNDATION 

Consider  the  following  question:  Given  a  plane  elastic  body  with  known  boundary 
tractions  and/or  displacements,  can  the  mechanical  properties  of  the  continuum  be 
described  such  that  an  "arbitrary"  stress  distribution  within  the  body  is  met? 

The  term  "arbitrary"  is  to  be  understood  as  defining  a  family  of  stress  distribu¬ 
tions  that  are  preselected  but  still  conform  to  equilibrium  requirements  and  boundary 
conditions.  To  answer  this  question,  we  start  by  making  the  following  two  basic 
assumptions : 

(1)  The  classical  equations  of  linear  elasticity  are  valid  in  this  application, 
and  (2)  the  mechanical  properties  of  the  continuum  can  be  expressed  as  spatial  func¬ 
tions  . 

Following  from  these  assumptions,  the  well  known  governing  relations  of  generalized 
plane  stress,  given  in  rectangular  coordinates  are  as  follows: 

Equilibrium  Equations 
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Assuming  that  the  continuum  exhibits  orthotropic  material  properties  and  neglecting 
time  and  strain  rate  effects,  the  constitutive  equations  can  be  expressed  as  generalized 
Hooke’s  Law  as: 
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where  and  a2  are  the  coefficients  of  thermal  expansion  and  T  represents  the  tempera¬ 
ture  difference  distribution. 
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Substituting  Eq.  (A-4)  into  (A-3),  assuming  that  the  a..*s  are  spatially  dependent 
and  carrying  out  the  required  differentiation  yields,  Eq.  (i-5)  as  shown  at: 
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Assume  that  the  body  forces  have  a  potential,  V,  such  that: 

x  =  -|^ 


and  choose  Airy’s  stress  function,  H',  in  the  form: 
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Making  the  appropriate  substitutions  into  Eq.  (A-6)  yields: 
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and,  of  course,  the  equilibrium  equations  are  met  exactly. 

Equation  (A-8)  can  also  be  expressed  in  polar  coordinates  as  follows: 
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with  ^  being  the  stress  function  defined  by: 
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Equation  (A-10)  satisfies  the  equilibrium  equations  formulated  in  polar  coordinates  for 
plane  stress,  which  are: 
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In  order  for  Eq,  (A-10)  to  meet  Eq.  (A-11)  exactly,  the  body  functions  and  must 
be  defined  as: 


(A-12) 


thus  putting  a  rather  narrow  interpretation  on  the  body  forces. 
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In  the  classical  approach  to  the  problem  of  orthotropic  plane  elasticity,  the 
coefficients  a*,  are  either  constants,  as  in  the  case  of  the  homogeneous  condition, 
or  as  in  some  rare  cases,  are  special  functions  of  position.  In  the  first  case,  all 
the  terms  within  the  second  set  of  large  braces,  {},  in  Eq.  (A~8)  and  (A-9)  are  zero 
leaving  the  remainder  of  these  two  equations  in  the  form  of  the  well-known,  homogeneous, 
orthotropic,  compatibility  equations  in  terms  of  the  stress  function  In  the  second 
case,  all  the  partial  derivatives  of  the  ay’s  which  appear  in  these  second  sets  of 
braces  are  capable  of  being  evaluated,  resulting  in  extremely  complicated  fourth  order 
partial  differential  equations  with  variable  coefficients.  Proceeding  along  classical 
lines,  these  equations  must  be  solved  for  which  contains  arbitrary  constants  of 
integration.  These  constants  are  then  determined  by  evaluating  Y  in  terms  of  the 
stresses  on  the  boundaries. 

Suppose  it  is  assumed  that  the  material  coefficients,  the  a^j’s,  are  unknown  but 
that  the  stress  function  'i'  is  a  fully  defined  function  of  the  spatial  coordinates. 

That  is,  the  stresses  throughout  the  body  as  well  as  on  the  boundary  are  known.  In 
such  a  case,  Eq.  (A-8)  and  (A-9)  reduce  to  second  order  partial  differential  equations 
with  variable  coefficients,  in  terms  of  the  ay’s.  The  solution  of  these  equations 
and  the  resultant  determination  of  the  magnitude  and  distribution  of  the  material 
properties  throughout  the  body  is  defined  in  this  work  as  design  synthesis. 

Bert^  derived  an  equation  similar  to  Eq.  (A-9)  wherein  he  reduced  the  unknown 
material  property  coefficients  from  four  to  one.  His  formulation  is  as  follows: 
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with  the  thermal  terms  omitted.  Equation  (A-13)  is  equal  to  Eq.  (A-9)  with  the  follow- 
Ind  identities: 


S  -  322 
e  =  ^y\}^22 
c  i  ag6'^^^22 
V  E  -ai2/^22 


(A-14) 
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with  S  being  the  dependent  variable  and  e,  c,  and  v  being  fixed  ratios.  It  is  antici¬ 
pated  that  most  real  composite  materials  will  exhibit  material  property  characteristics 
as  defined  by  Eq.  (A-14) . 

The  solution  of  equations  such  as  (A-8)  and  (A-9)  where  there  are  four  or  more 
dependent  aj^^*s,  even  where  these  are  assumed  independent  of  temperature,  is  quite 

difficult  but  certainly  not  impossible.  The  simplifying  assumption  made  in  Eq.  (A-14) 
leading  to  the  formulation  of  Eq.  (A-13)  reduces  the  problem  to  only  one  unknown 
parameter. 


REFERENCES 

1.  Manson,  S.  S.,  "Determination  of  Elastic  Stresses  in  Gas-Turbine  Disks,"  NACA 
Technical  Report  No.  871,  Flight  Propulsion  Research  Laboratory,  National 
Advisory  Committee  for  Aeronautics,  Cleveland,  OH,  February  27,  1947. 

2.  Bert,  C.  W. ,  "Analysis  of  Nonhomogeneous  Polar-Orthotropic  Circular  Plates  of 
Varying  Thickness,"  Bulletin  No.  190,  Engineering  Experiment  Station,  College 

of  Engineering,  The  Ohio  State  University,  Columbus,  OH,  Vol.  31,  No.  2  (March  1962). 


FIGURE  1.  Rotating  Annular  Disk. 
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R  /B 


modulus  vs  radius 

FIGURE  2.  Modulus  Variation  for  Rotating  Orthotropic 
/;  Disk  with  No  Edge  Loads,  With  —  Constant* 
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modulus  vs  radius 

FIGURE  3.  Modulus  Variation  for  Rotating  Orthotropic  Disk, 

Orthotropic  Ratio  of  2.5  With  No  Edge  Loads  and 

a  =  Constant. 
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PANEL  DISCUSSION 


A  Summary  of  the  Technical  Trends  Versus 
RSD  Needs 

by 

L.  J.  Lawson 

Garrett  AiResearch  Manufacturing  Company 


The  past  two  and  one-half  days  of  this 
symposium  have  served  to  give  us  all  an  up¬ 
date  on  flywheel  technology.  This  after¬ 
noon  I  would  like  to  briefly  review  the 
technical  trends  which  have  evolved  in  in¬ 
dustry  to  provide  flywheels  to  meet  the 
needs  of  research  and  development  programs. 

Initially,  the  flywheel  technology 
used  was  primarily  based  on  one-piece  metal¬ 
lic  construction  (often  steel  forgings)  in 
rim  or  disk  configurations.  Because  of 
safety  considerations,  these  flywheels  were 
often  applied  to  military  uses  and  have 
usually  been  made  in  small  capacities  or 
are  operated  at  relatively  low  stress 
levels.  An  example  is  the  Oerlikon  Gyro- 
bus  flywheel  rotor  which  was  a  3000-lb 
forged  steel  rim  with  an  energy  density  of 
only  2.7  Wh/lb.  Relatively  low-capacity, 
constant-stress  disks  of  steel  and  tita¬ 
nium  were  built  for  aircraft  and  space 
applications  by  Rockwell  International. 

Later  modified  constant-stress  disks  were 
built  by  Lockheed  for  a  military  helicopter 
hoist  application  in  1973  with  rotor  energy 
densities  of  10  to  12  Wh/lb.  The  one-piece 
metallic  flywheel  continues  to  be  used  in 
many  applications  where  only  a  small  energy 
storage  capacity  is  required.  For  example, 
the  common  internal  combustion  engine 
flywheels  represent  an  excellent  application 
of  one-piece  metallic  flywheel  technology. 

An  exception  to  this  is  the  relatively 
large  flywheels  (7.5  kwh/disk)  being  built 
by  Rockwell  International  for  MERADCOM. 

The  application  of  larger-capacity 
flywheels  to  transportation  systems  where 
complete  burst  containment  is  requisite  led 
to  the  use  of  the  axially-segmented  metallic 
flywheel  construction.  This  technique 
which  has  served  to  make  safe,  practical 
flywheels  available  for  many  applications 
probably  represents  an  intermediate  step 
in  flywheel  technology  which  may  be 


largely  superseded  by  composite  flywheels 
in  the  future.  The  axially-segmented, 
fully  contained  steel  flywheels  which 
have  been  made  and  applied  include  the 
following  examples:  the  3.2-kwh  flywheels 
used  by  Garrett  in  the  NYMTA  R-32  sub¬ 
way  cars;  the  4.5-kwh  flywheels  used  in 
the  UMTA  Advanced  Concept  Train  by  Garrett; 
the  0.5-kwh  flywheel  in  the  University  of 
Wisconsin  Flywheel/Heat  Engine  Hybrid  Car; 
and  the  0.134-kwh  flywheel  for  the  U.S. 

Postal  Service  Flywheel /Battery  Hybrid 
Jeep  which  were  both  made  by  Garrett.  The 
axially-segmented  steel  flywheel  has  been 
shown  to  be  well  suited  to  transportation 
applications  in  its  present  form.  Thus, 
the  manufacture  of  axially-segmented  steel 
flywheels  is  expected  to  continue  for  units 
up  to  20  kwh  capacity  at  least  until  the 
composite  flywheel  rotor  technology  matures. 

The  flywheel  of  the  future  for  many 
applications,  as  we  have  seen  at  this 
symposium,  is  the  composite  rotor.  This 
flywheel  type,  which  can  combine  high-energy 
density  with  minimal  containment  require¬ 
ments,  is  being  developed  by  many  sectors 
of  industry  to  satisfy  a  wide-range  of  needs. 
Many  different  techniques  of  composite 
rotor  design  and  fabrication  have  been 
tried  with  varying  degrees  of  success  as 
reported  during  the  past  two  and  one-half 
days.  It  is  expected  that  this  develop¬ 
ment  activity  will  continue  at  an  accel¬ 
erated  until  fully  practical,  cost-effec¬ 
tive  composite  rotor  designs  suitable  for 
most  flywheel  applications  evolve. 

In  the  meantime,  composite  flywheels 
are  being  made  to  meet  current  research 
and  development  program  needs.  These  fly¬ 
wheels  show  the  present  state  of  the  art. 

The  configuration  which  has  been  used  for 
most  of  the  development  units  is  the  multi - 
rim  design  which  results  in  controllable 
levels  of  radial  stress  in  the  composite 
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rim.  A  relatively  large  composite  flywheel 
(1.5  kwh)  made  by  Garrett  of  Kevlar  49  has 
been  tested  at  a  peripheral  speed  of  2750 
ft/sec.  At  this  speed,  the  72-1 b  flywheel 
(including  hub)  has  an  energy  density  of 
21  Wh/lb.  This  flywheel  is  the  first  part 
of  an  assembly  of  axially  bolted  composite 
multi -rim  flywheel  segments  with  a  total 
capacity  approaching  30  kwh  which  is  being 
built  for  the  U.S.  Army  MERADCOM.  A  simi¬ 
lar  flywheel  design  technique  is  being 
employed  by  Garrett  for  a  1-kwh  Kevlar 
flywheel  for  the  ERDA  Flywheel /Battery  Hy¬ 
brid  car.  This  44-lb,  23-in.,  diameter 
rotor  operates  at  a  peripheral  speed  of 
2500  ft/sec  with  an  energy  density  of  near¬ 
ly  23  Wh/lb. 

In  summary,  industry  using  current 
flywheel  technology  is  providing  hardware 
which  is  satisfactory  for  many  present 
requirements.  However,  the  continuing 
increase  in  applications  requiring  higher 
and  higher  energy  density  along  with  the 
need  for  full  containment  has  provided  the 
impetus  for  extensive  development  activity 
directed  toward  improved  composite  rotors 
which  have  lower  costs  than  metallic  flywheels. 

Outline  of  Areas  in  which  Industry 
Can  Act  to  Advance  Flywheel  Technology 

by 

Dr,  D,  E,  Davis 
Rocketdyne  Division 
Rockwell  International 

The  subject  that  I  am  supposed  to  dis¬ 
cuss  during  this  afternoon's  panel  session 
is  entitled  "Outline  of  Area  in  Which  Indus¬ 
try  can  Act  to  Advance  Flywheel  Technology." 

I  would  like  to  think  that  there  is  enough 
latitude  allowed  for  presentations  in  this 
afternoon's  panel  discussion  that  I  can 
modify  the  subject  to  read  "Outline  of 
Areas  in  Which  Industry  has  Acted  in  the 
Past  and  is  Presently  Participating  in 
Order  to  Advance  Flywheel  Technology."  It 
is  fairly  obvious  by  reviewing  the  funding 
levels  that  have  been  experienced  from  both 
DoE,  NASA  and  the  Department  of  Defense  that 
up  until  the  government  fiscal  year  1974 
the  major  portions  of  flywheel  technology 
funding  were  supported  by  private  industry 
and  small  company  support  groups.  Examples 
that  immediately  come  to  mind  are  funding 
levels  that  have  been  expended  from  corpo¬ 
rate  resources  at  Rockwell  International, 
Garrett  AiResearch,  U.S.  Flywheel,  William 
Brobeck  and  Associates,  and  Marshall  Oil 


Company,  the  aforementioned  of  which  are 
just  a  few  of  the  nongovernment  groups 
that  have  substantially  supported  flywheel 
technology  up  until  the  forementioned  date. 

It  is  important  to  note  that  a  differ¬ 
entiation  between  advancing  the  flywheel 
technology  as  it  exists  today  and  what 
has  occurred  within  the  past  five  years  is 
a  representation  of  what  can  occur  due  to 
the  significant  technological  advances  that 
can  occur  in  a  highly  interesting  area. 

We  must  keep  in  mind  that  flywheel  systems 
are  a  developing  technology  and  still  in 
its  infancy  with  respect  to  high  energy 
storage  flywheel  systems. 

In  order  to  assure  ourselves  that  the 
area  of  advanced  flywheel  systems  has 
evolved  from  the  developing  technolgy  era 
to  the  developed  technology  realm  of  mech¬ 
anical  systems,  several  significant  mile¬ 
stones  must  be  successfully  completed.  As 
has  been  mentioned  during  the  last  three 
days  of  presentations,  an  important  step 
is  to  identify  the  flywheel  market  itself. 
Errors  have  been  made  in  the  past  and  most 
assuredly  will  be  made  in  the  future  with 
attempts  to  apply  flywheels  in  areas  which 
they  are  not  realistically  competitive. 

The  statement  has  been  made  that  "flywheel 
energy  storage  systems  represent  a  brilliant 
engineering  solution  to  energy  storage, 
but  with  associated  ridiculous  economics". 
This  statement  becomes  very  obvious  when 
one  assesses  the  economic  disadvantages  of 
applying  today's  state-of-the-art  flywheel 
systems  to  energy  storage  requirements  for 
residential,  photo-voltaic,  wind-powered 
and  private  ground  vehicle  transportation 
systems.  In  order  to  be  economically  fea¬ 
sible  for  the  aforementioned  types  of 
applications,  significant  economic  and 
technological  breakthroughs  must  be  made 
in  order  to  make  the  flywheel  system  com¬ 
petitive  with  state-of-the-art  batteries 
and  other  low-cost  energy  storage  systems. 

In  order  for  industry  to  continue  its  ad¬ 
vancement  of  flywheel  technology,  flywheel 
support  systems  must  be  aggressively  pur¬ 
sued.  The  flywheel  rotor  system  itself 
is  fairly  well  defined  and,  except  for  the 
composite  flywheel  rotor,  high  energy 
storage  rotor  units  in  excess  of  10  watt- 
hours  per  pound  can  be  supplied  with  a 
very  high  confidence  factor  with  respect 
to  safety  margins,  cycle  life  capabilities, 
and  performance  characteristics. 

The  greatest  amount  of  technological 
breakthroughs  must  occur  in  flywheel  sup¬ 
port  areas  such  as  bearings,  seals,  input- 
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output  devices,  containment  approaches,  and 
associated  support  components.  In  order  for 
flywheels  to  be  competitive  with  existing 
energy  storage  systems,  low-loss,  long-life 
bearing  and  seal  components  must  be  iden¬ 
tified.  The  parasitic  losses  for  existing 
flywheel  systems  dictate  that  normal  half 
life  rundown  times  in  excess  of  1-1/2  hours 
are  very  difficult  to  achieve.  Although 
magnetic  bearing  systems  have  been  vigorous¬ 
ly  pursued  during  the  past  several  years 
for  flywheel  applications,  the  associated 
parasitic  losses  now  being  recognized  with 
respect  to  magnetic  bearing  systems  raise 
significant  questions  as  to  their  viability 
as  low- loss  support  component  concepts. 

Although  Rockwell  International  has 
been  vigorously  pursuing  composite  rotor 
systems  for  the  past  several  years,  we  are 
not  convinced  that  the  composite  flywheel 
will  eliminate  the  need  for  isotropic  fly¬ 
wheels  based  on  economics  and  acceptability 
criteria.  Indications  have  been  received 
during  this  conference  that  possibly  the 
failures  that  have  been  experienced  in  com¬ 
posite  rotors  to  date  were  based  not  pri¬ 
marily  upon  the  rotor  construction  itself, 
but  probably  failure  occurred  due  to  a 
lack  of  understanding  of  the  rotor  dynamic 
characteristics  of  an  isotropic  rotating 
disk.  It  has  been  known  for  some  time 
that  a  rotating  disk  experiences  axial  cri¬ 
tical  speed  modes  which,  combined  with 
radial  critical  speed  problems,  could  cre¬ 
ate  a  situation  which  is  extremely  diffi¬ 
cult,  if  not  impossible,  to  predict  and/or 
analyze.  We  believe  that  there  are  many 
severe  problems  that  need  to  be  solved  be¬ 
fore  the  composite  rotor  system  will  be 
totally  acceptable,  from  both  an  economic 
and  safety  standpoint.  The  solutions  to 
these  problems  we  feel  will  be  at  least 
five  years  away,  and  possibly  longer.  On 
this  basis  the  Rocketdyne  Division  of  Rock¬ 
well  International  is  vigorously  making 
technological  advances  with  respect  to  its 
isotropic  rotor  system  as  presented  during 
this  conference,  although  we  are  continuing 
our  in-house  efforts  to  support  the  compo¬ 
site  rotor  system. 

It  is  very  difficult  to  expect  signi¬ 
ficant  funding  level  increases  in  address¬ 
ing  the  aforementioned  problems  associated 
with  flywheels,  fespecially  when  reports 
that  seem  to  be  less  than  objective  are 
presented  without  taking  into  account  the 
latest  technological  advances  that  have 
been  made  in  flywheel  systems.  It  is  im¬ 
portant  that  all  reports  dealing  with  the 


economic  tradeoff  assessments  of  flywheels 
versus  other  energy  storage  systems  be 
carefully  coordinated  with  the  flywheel 
industry.  To  prepare  studies  without  the 
benefit  of  the  latest  technology  informa¬ 
tion  does  nothing  but  generate  scorn  and 
criticism  from  the  flywheel  industry  and 
at  the  same  time  reduces  the  credibility 
of  the  reporting  agency.  A  closer  link 
between  the  flywheel  industry,  utilities 
and  government  organizations  is  strongly 
recommended  in  order  that  the  aforementioned 
problems  are  not  repeated. 

Addressing  once  again  the  question,' 
what  can  industry  do  to  advance  flywheel 
technology,  we  think  that  a  first  step 
toward  posing  an  answer  to  this  query  would 
be  to  take  a  look  in  retrospect  as  to  what 
has  occurred  in  the  past  relating  to  the 
return  on  investment.  Quite  frankly,  in¬ 
dustry  has  assessed  in  the  past  that  return 
on  investment  to  be  experienced  from  in- 
house  flywheel  resources  being  expended 
is  practically  a  horror  story.  We  believe 
feedbacks  from  organizations  like  Lockheed, 
William  Brobeck  and  Associates,  U.S.  Fly¬ 
wheels,  Marshall  Oil  Company,  Ai Research, 
General  Electric  and  other  divisions  of 
Rockwell  International  will  confirm  this. 

In  summary  we  must  state  that  Rockwell 
International  will  continue  to  advance 
the  technology  with  respect  to  flywheel 
systems  although  the  cases  for  justifying 
this  position  are  difficult  to  defend. 

There  are  very  few  potential  customers 
standing  in  line  waiting  to  buy  flywheel 
systems,  especially  at  the  currently  pro¬ 
jected  cost  level  of  existing  flywheel 
system  development  programs.  We  must  con¬ 
tinue  above  all  to  remember  and  keep  in 
mind  that  flywheels  are  a  developing  tech¬ 
nology.  Applications  will  most  assuredly 
be  identified  that  heretofore  were  not 
even  conceived.  Therefore  we  strongly 
recommend  that  in  order  to  induce  industry 
to  advance  flywheel  technology,  the  govern¬ 
ment  supporting  agencies  must  also  realize 
that  the  question  of  return  on  investment 
is  always  in  the  forefront  before  company 
resources  are  committed.  In  order  to  en¬ 
hance  technological  advancement  in  flywheels, 
the  government  agencies  must  act  as  a 
catalyst  by  identifying  larger  funding 
levels  for  both  flywheel  rotor  and  flywheel 
support  components  development  programs. 

Thank  you. 
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Ways  in  Which  Government  Agencies 
Can  Act  to  Advance  Flywheel  Technology 

by 

Robert  Taylor 
Applied  Physics  Laboratory 


The  outline  of  my  presentation  is: 
the  flywheel  funding  situation  in  the 
United  States  in  1977,  the  principles 
which  should  and  do  control  government 
funding  and  what  the  government  can  do 
to  advance  flywheel  technology. 

The  flywheel  funding  situation  in  the 
United  States  in  1977  is  about  l/6th  of 
the  R&D  funds  for  batteries.  The  total 
energy  storage  program  in  the  U.S.  re¬ 
ceived  less  than  1/2  of  1  percent  of  the 
total  energy  budget.  Flywheel  R&D  re¬ 
ceived  29  thousandths  of  1  percent  of  the 
total  energy  budget.  Most  of  the  flywheel 
R&D  funding  is  for  transportation  vehicles 
as  opposed  to  stationary  flywheels  for 
industrial  energy  storage  and  electric 
utilities. 

Principles  which  should  and  do  con¬ 
trol  government  funding  are  proportional 
funding,  parity  funding,  and  positive  feed¬ 
back/negative  feedback/ funding  response. 
Proportional  funding  is  funding  of  a 
program  relative  to  its  importance  and 
possible  impact  upon  the  problem.  When 
we  realize  the  importance  of  energy  storage 
relative  to  efficient  energy  utilization 
and  energy  conservation,  we  realize  that 
the  whole  energy  storage  program  must  be 
dramatically  increased  from  less  than  1/2 
of  1  percent.  The  utilization  of  inter¬ 
mittent  energy  sources  such  as  solar  energy 
and  wind  energy,  requires  efficient  low 
cost  energy  storage  systems.  Energy  stor¬ 
age  appears  to  have  at  least  a  10  to  20% 
impact  upon  the  whole  energy  problem.  It 
should  therefore  be  funded  proportionally. 

Similarly,  flywheel  R&D  funding  should 
also  be  dramatically  increased  from  the 
present  29  thousandths  of  1  percent.  When 
we  think  of  the  many  possible  flywheel 
applications  and  the  broad  number  of 
energy  sources  with  which  flywheels  can 
be  effectively  utilized,  1%  of  the  total 
energy  funding  seems  far  more  appropriate 
than  the  present  levels. 


At  present,  the  stationary  flywheel 
for  industrial  energy  storage  and  for  the 
electric  utilities  is  receiving  very  little 
funding;  most  of  the  flywheel  funding  is 
going  for  the  transportation  flywheel. 

When  we  realize  the  potential  significance 
of  the  stationary  flywheel ,  we  must  agree 
that  funding  should  be  forthcoming  for 
this  area.  The  Netherlands,  Italy  and 
Japan  all  have  significant  stationary  fly¬ 
wheel  programs.  Why  not  the  United  States? 
I  will  mention  a  reason  later. 

Parity  funding  is  funding  equivalent 
technologies  at  approximately  equal  levels. 
When  the  government  funds  battery  research 
at  a  level  six  times  that  of  flywheels, 
they  bias  the  results  and  the  relative 
level  of  technology  development  for  these 
two  important  areas  of  research  and  devel¬ 
opment.  Greater  balance  in  government 
funding  is  needed. 

Another  principle  which  does  apply  to 
funding  is  positive  feedback  and/or  nega¬ 
tive  feedback.  This  concept  is  illustrated 
as  follows: 

Positive  information  transfer  about  a 
technology  results  in 

Increased  confidence  about  the  tech¬ 
nology  which  results  in 

Increased  funding  which  results  in 

Increased  positive  results  which 
results  in 

Increased  positive  information  transfer 
which  results  in 

Increased  confidence,  etc.,  etc. 

This  principle  has  inherently  the  chicken 
and  the  egg  problem,  therefore,  in  the 
very  early  beginnings  of  a  program,  short¬ 
term  instability  could  generate  either  a 
positive  feedback  or  negative  feedback 
before  the  long-term  results  are  actually 
determined.  Unfortunately  the  negative 
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feedback  response  may  have  been  excited 
for  stationary  flywheels  by  the  1976  report 
entitled:  "An  Assessment  of  Energy  Storage 
Systems  Suitable  for  Use  by  Electric 
Utilities". 

This  report  rates  flywheels  last 
among  the  technologies  considered  which 
included:  superconducting  magnets,  near- 
term  lead  acid  batteries,  thermal  oil,  ad¬ 
vanced  batteries,  hydrogen,  compressed 
air  and  hydro  pumped  storage. 

Technology  comparisons  are  very 
essential.  However,  they  must  be  accom¬ 
plished  under  very  carefully  formulated 
rules.  One  of  the  most  important  rules 
for  technology  comparisons  is  involvement 
of  both  the  Protagonists  and  the  Antago¬ 
nists,  without  both  the  proponents  and 
the  detractors  for  each  technology,  an 
unblanced  comparison  is  likely  to  occur. 
Unfortunately,  it  appears  that  no  flywheel 
proponents  were  strongly  involved  in  this 
widely  distributed  report  on  energy  storage 
for  electric  utilities.  This  may  help 
account  for  the  lack  of  a  significantly 
funded  stationary  flywheel  program  in 
this  country. 

What  can  the  Government  do?  The 
government  should  increase  its  information 
dissemination  about  flywheel  technology 
and  possible  flywheel  applications.  In¬ 
formation  from  this  conference  should  be 
widely  distributed  within  the  government 
and  to  the  general  public.  The  govern¬ 
ment  should  fund  energy  programs  more 
proportional  to  their  expected  impact  upon 
the  total  energy  problem.  The  government 
should  fund  equivalent  technologies  on 
a  more  equal  basis  and  lastly,  they  should 
set  strong  ground  rules  for  technology 
comparison  studies.  They  should  make 
certain  that  proponents  and  antagonists 
both  have  inputs  into  these  important 
and  necessary  studies. 


The  Best  Means  for 
Commercializing  Flywheels 

by 

David  R.  Phelps 
General  Electric  Company 

An  examination  of  the  history  of 
commercializing  federally-sponsored  R&D 
in  civilian  markets  brings  quickly  to  mind 
the  old  quotation  about  what  happens  to 


those  who  do  not  learn  from  history. 
Certainly,  in  transit,  the  problems  have 
become  so  readily  apparent  that  DOT-UMTA 
has  faced  up  to  the  situation  as  a  crucial 
issue  in  R&D.  The  traditional  mechanisms 
and  market  forces  which  would  normally  act 
to  bring  a  new  concept  out  of  the  labora¬ 
tory  and  into  production  have  broken  down 
or  have  become  grossly  distorted. 

There  have  historically  been  two  basic 
scenarios  in  technology  delivery/commercia¬ 
lization.  There  has  been  a  purely  private 
enterprise  case,  in  which  private  invest¬ 
ment  derived  from  retained  earnings  funds 
R&D,  which  leads  to  a  product  which  is 
sold  commercially  to  interested  customers, 
private  or  public.  On  the  other  hand, 
there  has  been  the  defense/aerospace  case 
in  which  public  investment  derived  from 
tax  money  funds  R&D,  which  leads  to  a 
product  which  is  bought  by  the  Government  - 
which  was  also  the  source  of  the  R&D  money. 

In  transit,  we  now  have  a  "neither 
fish  nor  fowl"  case.  The  market  is  not 
sufficient  and  tends  not  to  have  the 
necessary  characteristics  to  allow  the 
generation  of  much  R&D  money  from  profits, 
so  most  R&D  comes  from  the  Federal  DOT. 
However,  the  customer  is  still  largely 
non-Federal  (Amtrak  being  an  obvious  non¬ 
transit  exception),  being  variously 
O.E.M.s  or  operating  authorities.  Control 
over  the  authorities'  choice  is  increasing¬ 
ly  shifting  to  UMTA  as  a  result  of  a  number 
of  factors.  In  time,  it  is  conceivable 
that  UMTA  may  operate  with  the  "squadron" 
concept. 

At  the  present,  the  funding/procure¬ 
ment  system  creates  a  situation  in  which 
the  commercialization/del ivery  chain  is 
missing  the  vital  link  which  would  join 
the  researcher  ultimately  to  the  produc¬ 
tion  customer.  APTA  has  urged  that  this 
link  be  forged  by  creation  of  a  mechanism 
in  DOT/UMTA  for  completing  the  funding 
of  commercialization.  This  immediately 
introduces  the  question  of  choosing  which 
projects  are  to  be  carried  through  commer¬ 
cialization.  APTA  would  have  the  choice 
be  made  by  the  ultimate  user  customers  - 
the  local  authorities.  This  has  much  to 
commend  it;  one  hopes  the  paternalism  of 
the  Federal  establishment  does  not  cause 
it  to  be  rejected  out  of  hand.  No  matter 
how  the  choice  is  made  (some  suggestions 
to  assist  will  be  made  later  in  this 
discussion),  the  delivery  process  in  trans¬ 
it  needs  significant  improvement  from  the 
present  state. 
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It  is  instructive  -  and  perhaps  even 
crucial  -  to  examine  the  significance  of 
the  difference  in  the  semantics  attached 
to  this  process.  DOT/UMTA  speaks  of  it 
as  "deployment",  which  Webster  defines 
in  almost  exclusively  military  terms. 

ERDA  chooses  to  use  the  term  "commercia¬ 
lize",  usually  defined  in  a  business 
management-for-profit  context.  The  mili¬ 
tary  concept,  wherein  the  total  resources 
available  are  spread  out  or  arranged  in 
a  manner  ordained  by  an  overall  control¬ 
ling  and  coordinating  authority,  presup¬ 
poses  that  this  authority  does  indeed 
conceive  of  itself  as  the  master  con¬ 
troller  of  the  entire  industry.  The 
significances  of  this  attitude  should  not 
be  lost  on  the  manufacturers,  local  oper¬ 
ators,  and  public.  Lest  this  point  be 
regarded  as  academic,  it  is  precisely 
DOT/UMTA' s  track  record  in  R,D&D  which 
forces  this  conclusion.  It  is  truly 
"deployment",  not  "commercialization", 
to  force  by  mandate  the  results  of  R&D 
into  production,  whether  justified  by 
social  concerns,  the  need  for  a  return  on 
the  taxpayer's  investment  or  any  other 
rationale. 

These  activities,  illustrating  as 
they  do  the  inevitable  interconnection 
between  politics  and  technology,  do 
eventually  reflect  back  on  the  question 
of  the  moment,  conmercializing  flywheels. 

We  are  really  talking  about  commerciali¬ 
zing  a  social  concern  -  energy  conserva¬ 
tion  and  pollution  (noise  and  air)  reduc¬ 
tion.  In  most  arenas  there  are  competing 
technologies  which  also  claim  an  ability 
to  achieve  these  goals.  Those  funding 
the  R&D  -  ERDA  and  DOT/UMTA  -  will 
eventually  have  to  make  hard  decisions 
as  to  which  horse  to  ride  in  the  given 
races.  Our  judgment  is  that  in  some  areas 
the  flywheel  will  show  itself  to  be  the 
superior  approach,  and  in  some  areas  it 
will  be  inferior. 

Dr.  Schmitt  of  GE's  R&D  Center  has 
pointed  out  recently  that  the  nation 
can  do  what  individual  companies  cannot, 
carry  the  options  further  in  development 
before  the  final  choice  of  which  to 
commercialize.  DOT/UMTA  appears  to  be¬ 
lieve  in  this,  if  their  convictions  and 
their  funding  constraints  can  stay  in  mesh. 

Dr.  Schmitt  and  his  colleagues  go  on 
to  offer  four  specific  and  practical 
suggestions  in  commercializing  R&D. 

These  come  from  the  context  of  energy 


research  but  have  more  universal 
applicability. 

"First,  look  for  significant  and 
measurable  advantages  of  new  developments". 
What  is  the  potential  market?  What  is 
the  probability  of  success? 

"Second,  understand  all  the  important 
factors  contributing  to  the  success  of  any 
new  technology".  Can  it  be  manufactured 
and  maintained?  Is  it  safe?  Will  it  appeal 
to  the  customers  (at  whatever  level)? 

"Third,  consider  the  competitive 
alternatives  to  any  new  development  -- 
including  those  which  do  not  involve  new 
technology".  There  may  be  a  very  good 
reason  why  the  traditional  technology  ex¬ 
ists  at  a  given  level. 

"Fourth,  realize  that  program  selec¬ 
tion  is  a  continuous  process,  not  a  one¬ 
time  decision  which  is  irrevocable". 
Yesterday's  choice  may  not  be  the  right 
answer  today. 

There  are  general  guidelines.  Their 
applicability  to  commercialization  of  fly¬ 
wheels  may  not  always  give  a  clearcut 
answer,  or  even  the  presupposed  answer. 

Eventually,  by  whatever  guidelines, 
the  hard  decisions  must  be  made.  Unfor¬ 
tunately,  one  immediately  faces  the  cor¬ 
ral  ory  of  Dr.  Schmitt's  Law  of  Energy 
Development,  which  can  be  stated  that: 
assumptions  about  any  new  technology  can 
be,  and  will  be,  extended  just  far  enough 
to  make  the  benefits/life  cycle  cost  of 
that  approach  equal  to  the  benefits/life 
cycle  cost  of  competing  approaches.  That 
problem  is  presently  beyond  the  state  of 
the  art.  It  can  be  minimized  as  a  source 
of  new  and  undesirable  "history",  however, 
by  recognizing  that  so  long  as  manifest 
social  needs  are  met,  the  processes  impli¬ 
cit  in  "commercializing"  are  preferable 
to  the  implications  of  "deployment". 
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In  1976  the  Italian  National 
Research  Council  began  a  three-year 
R^D  programme  (1977-79)  in  the  field 
of  energy-saving  technologies. 

Among  many  other  aspects,  the  pro¬ 
gramme  covers  also  the  flywheels 
developments.  The  relevant  activi¬ 
ties  are  grouped  in  two  different 
projects:  the  former  dedicated  to 
mobile  (transport) ,  and  the  latter 
to  stationary  applications  (load¬ 
leveling,  and  peaking  supply),  and 
involving  industries  as  well  as  R§D 
organizations  and  University  depart¬ 
ments. 

The  present  outlines  refer  to 
the  second  project  (stationary 
applications) . 

1 .  Flywheels  for  Stationary 

Application 

This  project  aims  at  achieving 
the  knowledge  needed  to  correctly 
evaluate  the  potential  of  the  kine¬ 
tic  energy  storage  as  a  load  level¬ 
ing  or  peaking  supply  device  for  in¬ 
dustrial  applications  (workshops, 
electric  substations,  etc.). 

The  total  effort  foreseen  on 
the  three  years  R§D  plan  is  the 
order  of  1.5  x  10^  $  (at  1976  values). 

The  general  programme  of  the 
project  covers  the  following  main 
areas: 

--flywheel  development 

The  activities  are  in  progress  for 
materials  evaluations,  design  methods, 
and  experimental  tests  on  small  and 
medium  size  flywheel.  The  materials 


considered  are  mainly:  composites 
(epoxy  or  rubber  matrices;  kevlar, 
glass  S  and  glass  K  as  fibres) ,  and 
bare  filaments  (kevlar,  steel  wires 
and  coated  fiberglass)  in  the  sub- 
circular  arrangements.  Subcircular 
type  of  flywheels  have  been  recently 
successfully  tested  up  to  an  energy 
density  in  the  range  of  30-40  wh/kg. 
In  the  next  year  it  is  foreseen  also 
the  construction  of  some  large  fly¬ 
wheel  (in  the  range  of  some  tons 
in  weight) . 

--  sealing  and  bearing  systems 

As  sealing  system  the  ferromagnetic 
fluids  is  now  considered.  The  proper 
laboratory  tests  and  performance 
analysis  are  at  present  in  progress; 
the  pneumostatic,  oleostatic  and 
magnetic  bearing  are  currently  inves¬ 
tigated  in  view  of  establishing  the 
relative  performances. 

--  electric  motors/generators 

Three  different  electric  systems 
to  be  coupled  to  the  flywheel  units 
are  investigated:  syncronous ,  asyn- 
cronous  and  homopolar  motor-genera¬ 
tors.  The  later  one  is  considered 
for  the  peaking  supply  system, 
where  high  power  is  required  asso¬ 
ciated  to  lower  values  of  energy 
release:  in  such  case  the  rotor  of 
the  motor  acts  as  the  flywheel  it¬ 
self,  thus  minimizing  all  the 
mechanical  problems  as  sealed  pene¬ 
trations,  connections  between 
electric  actuator  and  flywheel. 

Three  different  prototype  units 
(comprehensive  also  of  the  relevant 


electronic  regulation  systems)  are 
currently  in  the  design  or  construc¬ 
tion  phase: 

a)  a  syncronous  motor,  with  a  power 
of  100  kW 

b)  an  asyncronous  motor,  with  a 
power  of  20  kW 

c)  an  homopolar  unit,  with  a  storage 
energy  capability  of  about  2  MW 

the  construction  of  these  prototypes 
is  foreseen  within  the  next  year,  and 
the  relevant  experimental  evaluation 
shall  be  started  immediately  after¬ 
wards  . 

--  complete  demonstrative  units 

One  of  the  programme  goals  is  to 
realize  a  number  of  complete  proto¬ 
type  units,  employing  the  electric 
systems  presently  under  construction. 
Those  units  will  be  connected  to 
properly  chosen  dwells,  in  view  of 
achieving  an  overall  operational 
esper ience . 

Presently  the  activityes  on  this 
item  are  focused  on  setting  up  the 
relevant  specifications  for  the 
whole  assembly,  taking  into  account 
the  experimental  goal,  the  identi¬ 
fication  of  suitable  loads  and  the 
size  and  performances  of  the  fly¬ 
wheels  which  will  be  possible  on  a 
realistic  base,  to  build  around  the 
end  of  1978. 

--  analysis  of  the  flywheel  techno¬ 
logy's  potential 

An  evaluation  of  the  potential  re¬ 
lated  to  flywheel’s  technology  is 
being  presently  started  in  view  of 
completing  the  activities  with  an 
assessment  of  the  most  promising 
areas  where  to  continue  the  effort 
beyond  the  terms  of  the  present 
programme . 

For  most  of  the  abovementioned 
items,  useful  cooperative  interactions 
are  already  in  progress  between  the 
organizations  which  are  in  charge  of 
the  R§D  activities  and  some  foreign 
centres . 


Further  and  toughter  contacts 
among  the  various  experts  from  dif¬ 
ferent  countries  and  organizations, 
that  hopefully  will  be  encouraged 
by  a  better  knowledge  of  what  it 
is  in  progress  on  this  subject, 
will  surely  help  in  developing 
this  technology.  The  present  very 
brief  summary  of  the  Italian  acti¬ 
vities  is  also  aimed  at  this  goal. 

2 .  Participating  Organizations 

Various  firms,  rese.arch  centres 
and  university  departments  are 
participating  in  this  project.  The 
organizations  involved,  with  the 
relevant  task  are  as  follows: 


R§D  Center:  CISE  (Centro  Inf ormazioni 
Studi  Esperienze)  Milano 


RTM  (1st. per  le  Richerche 
di  Tecnologie  Meccaniche) 
Vico  Canavese  (Torino) 


Industries:  PIRELLI  SpA,  Milano 


FIAT  SpA,  Torino 


ANSALDO  SpA,  Genova 


ENEL  (Ente  Nazionale  per 
l^Energia  Elettrica) 

Milano 

University  1st .Motorizzazione 
Dept.:  Politechnico  di  Torino 

1st .Meccanica  Universita 
Cagliari 

1st.  Tecnologie  Universita 
Napoli 

1st .Meccanica  e  Costr. 
Macchine  Polite cnico 
Milano 

1st.  Elettronica  Uni¬ 
versita  Pavia 


1st.  Elettronica  Univer¬ 
sita  Padova 


General  Coordination 
Flywheel  design,  complete  proto¬ 
type  systems  construction  §  evalu¬ 
ation,  analysis  of  flywheel  tech¬ 
nology's  potential. 

Seals  and  bearing  development, 
construction  and  testing. 


Flywheel  development,  construction 
and  testing  (subcircular,  composite 
with  elastomeric  matrix) 

Flywheel  development,  construction 
and  testing  (composite  with  epoxy 
matrix) 

Syncronous  electric  motor -generator 
and  controls:  development,  construc¬ 
tion  and  testing 

Support  to  the  analysis  of  the 
flywheel  technology's  potential 


Flywheel  design  §  Testing 


Experimental  stress  analysis  of 
small  scale  models  (spinning  tests) 

Materials  tests  and  evaluations 


Experimental  techniques  for 
spinning  tests 


Asyncronous  electric  motor-generator 
and  controls  development,  construc¬ 
tion  and  testing. 

Homopolar  electric  motor-generator 
and  controls  development  construc¬ 
tion  and  testing. 


